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ABSTRACT

This report contains a design calculation procedure and a

Fortran I computer program for synchronous, wound-pole
salient-pole generators.

b

In addition, it contains the design calculation procedure
for Lundell generators.

Losses in solid pole faces and the design limits imposed
by them are discussed.

Lundell generators have limits of stator length to rotor

diameter that cannot be profitably exceeded. These are
discussed.

" A brief discussion of the motor starting characteristics

of salient pole generators is included.
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INTRODUCTION AND SUMMARY

Introduction

This report is submitted by The Power Equipment Division of Lear Siegler
Corporation as the second part of a study of brushless rotating electrical
generators. The work was accomplished during the period October 26 to

J anua;'y 26. '

‘Summary

Purpose and Objectives

The objective of this study is a report that will help to select the proper
brushless generator for a specific application and provide a computer pro-
gram to calculate the performance of the selected generator design.

To provide a basis for properly evaluating the different generator types,
design calculation procedures and computer programs are being provided
for those that appear most suitable. From these programs parametric

I e 14 wroy

‘ - .
curves Gi Sudput vs. size, weign

readily obtained.
The final reports will be two topical reports:

1. General Selection Criteria and Mechanical Analysis
of all Generator Types Studied.

2. Electrical Calculations and Evaluation of all genera-
tor types studied.

In the first quarterly report, a statement was made to the effect that each
succeeding report would contain all material contained in preceding reports.
This has been changed and now only the final reports will contain all of the
previously published reports. When Bell programs are rewritten in Fortran,

only the Fortran programs will be included in the final report.




WOUND-POLE, SALIENT-POLE GENERATOR




THE WOUND-POLE, SALIENT-POLE, A. C. GENERATOR

The salient-pole, synchronous generator with wound poles is the standard
generator of the electrical industry. It has the highest electrical power out-
put per pound per rpm of any practical electrical generator presently known.
Because of its wide spread use and its superiority, all other types of elec-
trical generators are compared to the wound-pole, salient-pole synchronous

generator.

It is used on both aircraft and utility systems almost to the exclusion of any
other types except non-salient pole, wound rotor, generators (or turbine
generators) which are used with 1800 rpm and 3600 rpm steam turbines in

central station jenerating plants.

In addition to its use as an electrical generator, the salient-pole, wound-
pole, ‘machihe makes the best synchronous motor known. The pole heads
can be designed with cage windings so that the machine can start a substan-
tial load as an induction motor. The cage windings can be made double to

give good s ood pull-in characteristics.

Within its usable range, the wound-pole synchronous generator has no equal,
but its range of usefulness is limited. Its maximum rotor peripheral speed

is low because of the field windings supported by the poles and the high
stresses resulting from the centrifugal loads. Its output frequency is low
because the possible number of poles is restricted by electrical and mechan-
. ical limits due to the field windings, pole construction and the need for having
at least one slot/phase/pole in the stator. Its maximum operating tempera-
ture is about 600° F for the copper and insulation on the rotor and 350° F

for the rotating (silicon) rectifiers.




These thermal lirnits, plus the silicon rectifiers' susceptibility to radiation
damage, have forced the need for other more rugged types of generators all
of which are heavier, on a KVA /revolution basis, than the old standby

wound-pole, salient-pole machine.

It is well to remember that within its application range, no other type of
a-c generator can compare with the wound-pole, salient-pole machine and

it should be used whenever feasible.
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The Wound Pole, Salient Pole A.C. Generator section of the First Quarterly
Report has been reassembled and rewritten for this Second Quarterly Report.
The design manual and equations are now présented as one document. The
corhputer program has been rewritten in the Fortran computer language using
the fixed decimal system on the input and output sheets. The complete package
is called "The Salient Pole Computer Design Manual".

~ This Computer Design Manual in its entirety contains the following:

1. A numbered series of definitions and equations forming
the body of the design calculations.

2. A list of numbered symbols.

3. A collection of tables, graphs and figures that are necessary
-in preparing an input sheet.

4. Standard magnetization curves.
5. An input and output computer design sheet.
6. A complete list 'of Fortran symbols.

7. A complete list of Fortran equations.

Design Procedure

This computer program is an analysis procedure. In an analysis procedure,
all of the machine dimensions and winding specifications are given in addition
to the rating. With all of this information given, the computer calculates the

performance of the machine.

A generator design starts with the input sheet. All of the information that has
been gathered on the generator in question is recorded on the input sheet. The
inputs listed on the input sheet follow the sequence of the design manual cal-

culations sequentially except for a few isolated cases. Each input is identified
in three ways: (1) by a symbol, (2) by an explanation of each symbol, and (3)
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by an identification number which is bracketed in parenthesis. This identifica-
tion number or item number shows the location of the particular input in the
design manual. At each location in the design manual, a complete explanation

is given for each symbol in question along with equatiorfwhere they apply.

For example, given on the input sheet is (4) E phase volts. If there is any

PH
question by the designers as to just what is meant by phase volts or how is it
calculated, he need only to look up item (4) in the design manual. Item (4)

gives the following explanation:

-~ For three phase delta connected generators

_ (Line Volts) _ (3)

EPH s s

For three phase wye connected generators

EPH = (Lipe Voilts) = (3)

Each item, as shown in Item 4 above, has 3 parts:

1. A word definition explaining the item,
2. An equation using symbols,
3. An equation using the location for each symbol

a. When a number in an equation is bracketed by parenthesis
such as (3) in Item 4, it has no numerical value. It represents

~ the location of the symbol that is used in the equivalent equation

b. When a number such as V3 in Item 4 is not bracketed by paren-
thesis, then it is a real number and must be used accordingly.

A few of the items on the input sheet can be either an input or an output. This
is useful where the designer wants better control of the design. By inserting
an adjusted number as an input, it may be possible for the designer to simulate
an actual known condition rather than éccept the standard calculated answer.
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When the designer is satisfied that the existing or standard calculation satisfies
his condition, then he need only to insert a zero (0), and the computer will do
the calculating.

A minimum number of rules must be followed in order to make a computer
design -
1. Fill out input sheet completely.
2. All whole numbers and zeros must be followed by a decimal point.
For example, if the number that is to be used on the input is either

1, 2, or 0, they must be inserted as 1., 2., or 0. . All decimal
- numbers are accepted as is. That is, 1.4 should be entered as 1.4.

3. When a question arises about a particular input, refer back to the
location per the item number for a detailed explanation.

4. When a particular magnetization curve is to be used, the proper
code number. should be used as an input if the curve is available on
"card decks". The code number can be any number that is mutually
agreed on by the designers and the computer operators. The code
simply tells the '
When the curve does not exist on a "card deck", then the designer
must submit on a separate sheet of paper, 29 points from the curve
that is to be used. These points are the ampere turns per inch for
each 5 units on the density scale, where the aensity scale is in
Kilolines per in2. Start the first reading at 0 density.

Output Sheet

The output sheet is set up for the éomputer to type out the answers directly in
the spaces provided. The space is set up to accept 5 places to the left and
right of the decimal point. Single spacing is used on the vertical and regular
type spacing on the horizontal

Each item on the output sheet can be checked out by referring back to the item
number in the design manual in the same manner as outlined above for the input
data. |
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CURVE 13

USS DYNAMO — 26 GAGE

Hot Rolled Sheets
DC MAGNETIZATION
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CURVE 14
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USS ELECTRICAL — 24 GAGE

Cold Reduced Coils or Sheets

DC MAGNETIZATION
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Calculation

Location.

(78)

(46)
(89)
(85)
(20)
(128)
(125)
(140)
(163)
(127)
(89)
(89)
(76)
(22)
(76)
(22)
(15)
(22)
(22)
(22)

25

SALIENT-POLE WOUND-POLE SYMBOLS

Symbol

"o v T ©T o T ©T T o
G S N D - Y < D - 4

w

Explanation

Ampere conductors per inch of stator
periphery

Strand area (stator)

Field conductor area

Pole area

Density

Core density

Gap density

Pole density no load

Pole density full load

Tooth density

Width of slot opening (damper) -
Width of rectangular slot (damper)
Pole head width

Width of slot opening (stator)
Pole body width

Stator slot dimension per Fig. 1

Width of duct

Stator slot dimensions per Fig. 1



Calculation

sc

Location Symbol Explanation
(74) | Cm Demagnetizing factor
(73) C p Average/maximum field form
(75) C q Cross magnetization factor
(72) Cw Winding constant
(71) C, Ratio max. to fund.
(32) c ~Parallel circuits
(12) D Stator outside diameter
(11) d Stator inside diameter
(35) db Diameter of bender pin
(11a) dr Rotor outside diametei'
3) E Line volts
(145) EF Field volts no load
(168) EFFL Field volts full load
4) EPH Phase volts
(55) EF,, D Eddy factor top
(56) EF o Eddy factor bottom
(130) F c Stator core ampere turns
(13 1) Fg Air gap ampere turns
(165) FoL Total ampere turns full load
(142) FNL Total ampere turns no load
(141) Fp Pole ampere turns at no load
(164) FPL Pole ampere turns at full load
(136) F Short circuit ampere turns



Calculation

Location

(129)
(147)
(52)
(69)
(59a)
(22)
(22)
(22)
(22)
(22)
(22)
(22)
(22)
(89)
(89)
(24)
(76) .
(76)
37)
(38)
(8)
(166)

Symbol

F&W

FFL

Explanation

Stator tooth ampere turns -

Friction and windage
Frequency
Effective air gap

Maximum air gap

Stator slot dimension

Height of slot opening
Rectangular bar thickness
Depth below slot

Pole head body

Pole head height

Uninsulated strand height

Distance between center line of strand

Phase current

Field amperes at full load

27




Calculation
Location

(143)
(146)
(158)

(9a)

@)
(18)
(44)

(67)

Symbol

FNL

~ W

|
o T <

28

Explanation

Field amperes at no load
Rotor loss
Stator copper loss

Adjustment factor

Stacking factor

Pitch factor

Carter coefficient
Skew factor

Machine rating

Pole face loss factor

Watts per lb.
wt+

Field self inductance

Gross core length

Damper bar length

Coil extension straight portion
Pole head length

Pole body length

Solid core length

1/2 mean turn

Mean length of field turns

Number of phases



Calculation

Location ~ Symbol
©(34) N,
02) o,
(45) n
(99) ‘n by
(30) ng
(14) n,
9) P.F
(6) p
(23) Q
(53) Roh (cold)
(54) Roh (hot)
.(107) ‘ RF (cold)
(108) Ry (hot) |
(137) SCR
(47) Sg
(144) S¢
(133) T,
(134) T,
(135) T,
(132) T,
(149) W,
(172) W

DFL

Explanation

Strands per conductor
Number of damper bars
Effective conductors

Number of field turns

Number of ducts

Power factor

Number of poles

Number of slots

Stator resistance at 20°C

Stator resistance at XOC

" Field resistance at 20°C

Field resistance at X °C
Short circuit ratio

Stator current density
Field current density
Armature time constant
Transient time constant
Subtransient time constant
Open circuit time constant
Stator core loss

Damper loss at full load

29



Calculation

Location

(157)
(171)
(150)
- (170)
(148)
(98a)
(79)

(81)

(82)

(83)

(119)
(120)
(115)
(117)
(118)
(112)
(80)

(84)

(121)
(123)
(122)

(96)

I
Q‘-Q

Symbol

g I

PFL

PNL

€ €

TFL

S

TNL

MM <
.1.

»
Q.

"
2

MM M
g g e
e o]

-

> QN
e

30

Explanation

DNL.

Damper loss at no load

Pole face losses at full load

Pole face loss at no load

Stator tooth loss at full load

Stator tooth loss at no load
Peripheral speed of rotor
Reactance factor

Reactance direct axis

Reactance quadrature axis
Synchronous reactance direct axis
Stator transient reactance
Subtrénsient reactance direct axis
Leakage reactance direct axis
Leakage reactance quadrature axis
Unsaturated transient reactance
Field leakage reactance

Leakage

Synchronous reactance quadrature axis
Subtransient reactance quadrature axis
Zero sequence reactance

Negative sequence reactance

Expected damper bar °c



31

Calculation -
Location “Symbol Explanation
(103) Xy °c Expected field temp. in °C
(50) XS °c Expected temp. stator in °c
(95) A Resistivity of damper bar at 20°C
(51) Pq Resistivity of stator cond at 20°C
(104) Pp Resistivity of field conductor
(138) @y Leakage flux at no load
(160) Y/ Leakage flux at full load
(126) ¢P Flux per pole
(139) ¢PT Total flux per pole at no load
(162) - ¢PTL Total flux per pole at full load
(124) ¢T Total flux
(94) A | To Damper bar pitch
(41) oe Pole pitch
(26) s Slot pitch
Q7 Slot pitch 1/3 distance from
- Ts 1/3 narrowest point
(40) T sk Stator slot skew
(70) N Air gap permeance
(63) ' ‘ rg ~ End permeance
(86) ' Mol Pole end leakage permeance
(62) »; Stator conductor permeance
(88) ) Pole side leakage permeance

(87) ) Pole tip leakage permeance



SALIENT POLE COMPUTER DESIGN (INPUT)

MODEL EWO DESIGN NO(1)—_/00Q0.9 32
(2). | KVA |GENERATOR KVA 30.0 /.0/8 |RATIO MAX TO MIN OF FUND (71) tCy
(3) {E LINE VOLTS 208. 0 0.0 WINDING CONSTANT (72) |Cw |n-
(4) | Eph |PHASE VOLTS - 120.Q .650 | POLE CONST. 73) {¢cp | %
w5 |m PHASES 3.0 0.0 END EXTENSION ONE TURN (48) | LE "é
Hl(sa) |¢ FREQUENCY 320.0 , 8% DEMAGNETIZATION FACTOR 74) [cm |8
% 6) |p POLES 8.0 . S2 CROSS MAGNETIZING FACTOR (75) | Cq
x|(7) |RPM |RPM Y800.0 /.975 | POLE HEAD WIDTH (76) | bh
& 1(8) |lph |PHASE CURRENT 83.4% | 1t./00 POLE BODY WIDTH (76) | bp
{9) PF | POWER FACTOR .75 . Yo6 POLE HEAD HEIGHT (76) | hp
(9a) | Kc |ADJ. FACTOR /.0 . 279 |[POLE BODY HEIGHT (76) | h¢ v
(10) OPTIONAL LOAD POINT .5 3.0 POLE BODY LENGTH (76) |(fLp Q
an ld STATOR L.D. 7.25 3.0 POLE HEAD LENGTH (76) {hn o
a2) [o STATOR 0.D. 9.25 /4 POLE EMBRACE an e |8
Slas |4 GROSS CORE LENGTH 3.0 2./8 ROTOR DIAMETER (11a) | dy §
E (14) | ny, NO. OF DUCTS 0.0 97 STACKING FACTOR (ROTOR) (16) | K;
¢ |(15) |by |WIDTH OF DUCT O. O |(«&v€) /4.0 |ROTOR LAM. MTR'L. (18)
=106) | K STACKING FACTOR (STATOR) .92 0 WEIGHT OF ROTOR IRON (108b)| ()
Llas) STATOR LAM. MTR'L.  (cuRve)l 13.0 /7.07 POLE FACE LOSS FACTOR (151) | (K1)
(19) |k WATTS/LB. ' /5.0 , OO YIDTH OF SLOT,OPENING 89) | bpo
(20) | B DENSITY 724 038 HEIGHT OF SLOT OPENING (89) | hpo
(21) TYPE OF SLOT 2.0 /56 DAMPER BAR DIA. OR WIDTH (90) | ( )
(22) | by . |SLOT OPENING .06 a.0 RECTANGULAR BAR THICKNESS |(89) | hp) g
(22) | by SLOT WIDTH TOP 0.0 0.0 RECTANGULAR SLOT WIDTH 89) | bp; |a
(22) | b 0.0 S0 NO. OF DAMPER BARS (92) | np §
- 122) | b3 0.0 3.0 DAMPER BAR LENGTH 93) |4y | Z
S1(2) |bs SLOT WIDTH 122 . 4#23 | DAMPER BAR PITCH (94) [T
2 122) |ho 020 .52 [ RESISTIVITY OF DAMP.BAR @20 [(95) !Ap
E (22) | b L3444 150.0 DAMPER BAR TEMP °C {96) | X°C
E1@22) |hy 0.0 68 NO. OF FIELD TURNS (99) | Ny
(22) |h3 0.0 10.13 MEAN LENGTH OF FLD. TURN (100) | Lyr
(22) | hg SLOT DEPTH Y34 .06%/ | FLD. COND. DIA. OR WIDTH (101) 8
(22) | hy ' 0.0 Q.0 FLD. COND. THICKNESS (102) E
(22) | hy :030| 150.Q FLD. TEMP IN °C (103) | X¢°C
(23) | Q NO. OF SLOTS 96.0 . 69% |RESISTIVITY OF FIELD COND @20 | (104) | Py
(28) TYPE OF WDG. /.0 /. O NO LOAD SAT. (179)
29) TYPE OF COIL /.0 o FRICTION & WINDAGE (147) | (FaW)
(30) | ng CONDUCTORS/SLOT 2,0
(31) |y SLOTS SPANNED 10.0
o B2 | ¢ PARALLEL CIRCUITS /.0
g (33) STRAND DIA. OR WIDTH L0725
;. (34) | Ngy |STRANDS/CONDUCTOR /.0
1(35) |dp | DIA. OF PIN .25
E (36) |£e2 |cCOIL EXT.STR. PORT .25 STATOR SLOT POLE
2 [(37) | har | UNINS. STRD. HT. /62 DAMPER SLOT REMARKS
(38) | h'sy | DIST. BTWN. C| OF STD. /92 |
(39) STATOR STRAND T'KNS. /62
(40) |7°sk |[STATOR SLOT SKEW .000/
(50) | X °C |STATOR TEMP °C /50.0
(51) | | RES'TVY STA.COND.@20°C .E9Y%
(59) | 9min | MINIMUM AIR GAP . 036 1
(599)| gmax | MAXIMUM AIR GAP .OY7 | DESIGNER DATE



. SUMMARY OF DESIGN CALCULATIONS — SALIENT POLE (OUTPUT)

33

.MODEL NO. EWO_ DESIGN NO 1000,00000
(17) (4s) _ |SOLID CORE LENGTH 2,7€000 1.08 190|CARTER COEFFICIENT (67) (Ks)
(24) (hc) |DEPTH BELOW SLOT X 2 . 56600 68 .33850|AIR GAP AREA 68) (-) |
(26) (vs) |SLOT PITCH .23728 152.69103|AIR GAP PERM (700 (xa) |O
(27) (rs1/3) | SLOT PITCH 1/3 DIST. UP 24676 .03 786|EFFECTIVE AIR GAP (69) (9e)
(42) (Ksk) |SKEW FACTOR 1.00000 1.0 1S U0|RATIO MAX TO FUND. (71) (€1) |w
(43) (Kg) | DIST. FACTOR . 95765 . 39823 |WINDING CONST. 72) _(€w) |%
(44) (Kp) PITCH FACTOR L, 95596 L65000! POLE CONST. (73) (Cp) 2
o 1(45) (1) EFF. CONDUCTORS 185,46619 L, 592L 1|END. EXT. ONE TURN {(48) (LE) 0
O|(46) (8.) | STRAND AREA ,01135 . 84tDQ0|DEMAGNETIZING FACTOR _[(74) (Cy) | o
<@ ) CURRENT DENSITY (STA:;) | 7343.32690 :52000]CROSS MAGNETIZING FCTR |(75) (Cq) | Y
2 149) (&) 1/2 MEAN TURN 7.59241 679.03757|AMP COND/IN (78) (A)
(53) (Rph) | COLD STA, RES. @20°C .02971 0767 2|REACTANCE FACTOR (79) (X)
(54) (Rph) | HOT STA. RES. @ X°C .0L501 7 .76606 | LEAKAGE REACTANCE (80) (X£)
(55) (EF44p)| EDDY FACTOR TOP 1.16467 T14,47347IREACTANCE DIRECT AXIS [(81) (Xod)
(56) (EFpgt)| EDDY FACTOR BOT 1.0232¢ 69.61152|REACTANCE QUAD AXIS __|(82) (Xag)_
(62) (i) | STATOR COND. PERM. 3.43609 122.23553|sYN REACT DIRECT AXIs  [(83) (Xg) |
(63) ) END PERM. 5 01}2] 92 77 . 37758 SYN REACT QUAD AXIS (84) (X‘{) (s}
(65)( ) WT. OF STA COPPER 5.31106 14 ,33L483|FIELD LEAKAGE REACT 112) Xp) |2
(66) () WT. OF STA IRON ° 16, 27519 L 18LLO{FIELD SELF INDUCTANCE |(113) (L) -
41) (7p) POLE PITCH 2,84743 L ,33 170[LEAKAGEREACT DIRECTAX. [(115) (XDd) | <
85) {ap) POLE AREA 3.20100 5.35257|LEAKAGE REACTQUADAX. 1(117) (XD9) |
(86) Ae2j | POLE END LEAK PERM. L1800 22 . 1008 G|UNSAT. TRANS. REACT (118) (X'du)
(87) (nt£) | POLE TiP LEAK PERM. L8832 19, 44878 |sAT. TRANS. REACT (119 (Xq)
o 1(88) (As4) | POLE SIDE LEAK PERM. .80990 12,09776|sUB.TRANS REACT DIRECT AX. |(120) (Xd)
S 1(89)(°CF) | FLD COND. AREA .00322 13. 11863 |sup. TRANSREACTQUADAX. | (121) (X3 )
x| (90) (RF) | COLD FLD RES @ 200C 1.18771 12.60819INEG SEQUENCE REACT (122) (X2)
(91) (RF) | HOT FLD RES e X°C 1.79930 3.3045017ER0 SFQUENGE REACT  1123) (Xo)
('%)( )| WT OF FLD COPPER 5.69599 3520.25190|10TAL FLUX (124_(¢r)
(1085) () | WT OF ROTOR IRON .00000 2656.0204L5[F ux PER POLE (126) ($p) |o
(98a) (Ve) PERIPHERAL SPEED ' 9029.56800 |  51.51198]cAP DENSITY (125) (Bg) |~
w 1{132) (Tde) | OPEN CIR. TIME CONST. . 10248 106.19226{T00TH DENSITY (127) (8r) |3
£ 1033) (Ta) | ARM TIME CONST. ,00200 91. 54646 |CORE DENSITY (128) (Be) [+
2°1(134) T'd) | TRANS TIME CONST . 01630 07.69560{TOOTH AMPERE TURNS __ |(129) (Fy) | U
F21(135) (T"d) | SUB TRAN TIME CONST. 00500 25.8112L1CORE AMPERE TURN (130) (Fe) {o©
S L(36) (Fsc) | SHORT CIR NI 7L7.32558 611,35163|GAP AMPERE TURNS (131) (Fq) |3
(137)(SCR) | SHORT AIR RATIO 1.03001
PERCENT LOAD 0 100 150 200 OPTIONAL
(44 ) (138) LEAK FLUX 27.131 (428 (160) L9,621 62,294 75.252 37.569
($pt) (139) POLE FLUX 313,151 |(do) (162) | 353,503 377.720 Lok,910 332.960
_(Bp)__ (140) POLE DENSITY 97.829 |(Bl) (163) 110,435 118.000 126 .49k 104,017
(Fp) _(141) POLENI 68,669 |(Fpl) (164) 241,300 LL9 , 669 835,502 130,953
(Fn)__ (142) TOTAL NI 823,071 |Fm qe5 | 1621.979 2176.263 2929,955 1176.017
(L fnl) (143) FIELD AMPS 12,103 ) (166) 23,852 32.003 L3,087 17.294
(SF) (144) CUR.DENS.(FLD) 3759.001 [¢—) aen | 7407,650 9939. 114 | 13381,236 | 5370,925
<(EF)_(145) FIELD VOLTS 14,376 |Es) (168) L2.918 57.584 77.527 31,117
J0%R,) (146) ROTOR LOSS 174,007 %) (69 | 1022,708 1842,938 | 33L0,471 538,162
u{F & W)(147) F & W LOSS 347,291 [Faw 4 | 347,291 347.291 3L7,291 3L7.291
2 (Mnl) (148) STA TOOTH LOSS 184,539 {™my (70) 23L,722 288,655 359.285 198,950
< (W)  (149) STA CORE LOSS LOL,227 {wey (49 LoL,227 Lok,227 LoL,227 LokL,227
% (Wonl) (150) POLE FACE LOSS 105.017 {Mper) am) 114,675 126,748 143,650 107.432
€ (Wdnl) (157) DAMPER LOSS 256 (M (72) K1 382 L33 .20
(12R,) (158) STATOR CU LOSS 000 102R) (173) | 939,209 21i3,220 | 3756,837 234,802
(—) (158) EDDY LOSS .000 [(—) (73 88,248 198,558 352.992 22.062
(—) (159) TOTAL LOSSES. 1215,340 |(—) 74 | 3152.428 5322,023 | 8705.189 1853,253
(—) (=) RATING (KW) L.000 (=) @75 {22534 013 33801,020 | 45058,026 [ 11267.007
(—)__(—) RATING & LOSSES 1215,340 (=) a76) | 26686 L1 39123,043 | 53773,215 | 13120.260
(—) (—) PERCENT LOSSES 100,000 |(—) a7m) 12,272 13,603 16, 188 14,12
(=) (<) PERCENT EFF. SUOU () (178) 87.727 _86.396 83.8TT 35,

DESIGNER

REMARKS _DATE




NO LOAD SATURATION QUTPUT SHEET

34

(180) (F'g)

(182) (F',)

ITEMS 79 (—) (181) (8}) (183) (8",) (184) (F'.)
VOLTS AIR GAP A.T. TOOTH DENSITY TOOTH A.T. CORE DENSITY CORE A.T.
(185) (F%) (186) (9£) (187) (§" ) (188) (B'p) (189) (F3) (190) (F'ap)
VOLTS STATOR A.T. LEAKAGE FLUX |TOTALFLUX/POLE TOOTH DENSITY POLE A.T. TOTAL A.T. (N.L.)
166.,27200| 489,08930 85'19380 -+ 7.29726 73.23716 7.298
80% 14,59590 18,08733 246,90370 77.13330 14,31810 28,914
187.056C00| 550,22547 95.,84303 21,1499 82.39181 11,970
90% 33,12066 20,94796 278.36637 86,96231 25,71249 58.833
207,84000| 611,36153 | 106,49226 67.69566 21.54646 25,811
100% 93.,50690 25.31132 211,33228 97.2609L 6L,89074 158.397
228.62400 672.49779 117.14149 1568.70457 100.70111 72,303
C110% 231.00817 32 44489 347,067L0 | 108.L2L67 203,3675kL L34 375
249,540800 | 733.63396 | 127.75071[ 301,98336 | 109.85575 | 177.050
120% L79. 03351+ . L3,.5L689 | 386,771h44 | 120,82831 | 544,538L46 11023.572
270.19200| 794.77012 | 138.43994 | 394.51868 | 119.01040 | 353.003
0 747.42263| 55,3801k | L427,20674 | 133.46039 [1193.19100 |[1940.613
' TOOTH DENSIHY SATURATED
140%

150%

160%
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SALIENT POLE COMPUTER DESIGN MANUAL

(1)
@)
(3)
(4)

(5)

(5a)

~~
D
~~

0

@

(9)

(92)

(10)

)

RPM

PH

P.F.

DESIGN NUMBER - To be used for filing purposes

GENERATOR KVA

LINE VOLTS

PHASE VOLTS - For 3 phase, delta connected generator

_ (Line Volts) _ 3

N

For 3 phase, wye connected generator

E

E = (Line Volts) = (3)

PH

- PHASES - Number of

FREQUENCY - In cycles per’second

L a7 S dhrnlel

SPEED - In revolutions per minute

- PHASE CURRENT - In amperes at rated load

POWER FACTOR - Given in per unit

ADJUSTMENT FACTOR - When P.F. = 0. to .95 set K, =1.;
when P.F. = .95 to 1. set Kc = 1.05

LOAD POINTS - The computer program is set up to have the
' 0.%, 100%, 150%, 200% load points as standard out-
puts. There is an additional space available on the
output sheet for one optional load point. This optional



(11)
(11a)
(12)

(13)
(14)
(15)

(16)

36

load point will be the designer's choice and can be
selected anywhere in the range of 0 to 200% load.
When an optional load calculation is required insert
the per unit load value on the input sheet. The op-
tional load point will be calculated in addition to the
standard points listed above. If only the standard
points are required, insert 0. on input sheet. For
example, insert .33 on input sheet when the optional
load calculation for 33% load is required in addition.
to the standard points.

STATOR PUNCHING I.D. - The inside diameter of the stator

punching in inches

ROTOR PUNCHING O.D. - The outside diameter of the rotor

punching in inches

PUNCHING O.D. - The outside diameter of the stator punching

in inches

GROSS CORE LENGTH - In inches

RADIAL DUCTS - Number of

RADIAL DUCT WIDTH - In inches

STACKING FACTOR - This factor allows for the coating (core
plating) on the punchings, the burrs due to slotting,

and the deviations in flatness. Approximate values
of Ki are given in Table IV.



(17)

(18)

L
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THICKNESS OF

LAMINATIONS
(INCHES) GAGE Ki
.014 29 0.92
.018 26 0.93
. 025 ‘ 24 0.95
. 028 : 23 0.97
. 063 -- 0.98
. 125 -- 0.99

TABLE 1V

SOLID CORE LENGTH - The solid length is the gross length

times the stacking factor. If ventilating ducts are
used, their length must be subtracted from the gross
length also.

/S = (X)) [K) - (@) (bv)] = (16)| (13) - (14) (159

LAMINATION MATERIAL - This input is used in selecting the

proper magnetization curve. Where curves are
available on card decks, use the proper identifying
code. Where card decks are not available, submit
as an auxiliary input, 29 points of the curve to be
used (start first reading at 0). These points are the
ampere turns ‘per inch for each five units on the
density scale, where 1 unit is 1 kiloline/inz. Refer
to curves 10, 11, 12 for standard magnetization
curves. Submit separate magnetization curves for
stator and rotor when different materials are used.
Separate spaces are provided on input sheet for stator

material and rotor material.

When the magnetization curve is not available on card
decks insert 0. on input sheet and provide 29 point of



(19)

(20)

(21)

the curve to be used as outlined previously in this
paragraph. When the magnetization curve is avail-
able on existing card decks, and a coding system is
available to identify each curve, then insert the
proper code number on the input sheet. Since curves

are available on card deck? they have
been coded as follows: 1.0 = curve 10; 2.0 = curve
11-high; 2.1 = curve 1l-average; 2.2 = curve 11-
low; 3.0 = curve 12-high; 3.1 = curve 12-average;
3.2 = curve 12-low. Once a curve has been submitted,
the card deck should be coded and stored for future
use. An index of coded magnetization curves should
be published from time to time to bring records up
to date.

WATTS/LB - Core loss per 1b of lamination material. Must be

given at the density specified in (20).

DENSITY - This value must correspond to the density used in

item (19) to pick the watts/lb. The density that is
usually used is 77. 4 kilolines/ in?.

TYPE OF STATOR SLOT - Refer to Figure 1, Page 8 for type

DT b W DN

of slot

For (a) slot use 1. as an input

For (b) slot use 2'. as an input

For (c) slot use 3. as an input

For (d) slot use 4. as an input

Type 5. is not a slot but instead a particular situation
for an open slot where the winding has only one con-

ductor per slot.



(22)

(23)

(24)

@5)

(26)

ﬁb- "'F' U)p‘ wb. &gy lv-lb‘ Ow‘ (DU ODU‘ NU HU‘ Oc‘

N\

J
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ALL SLOT DIMENSIONS - Given in inches per Figure 1, page8
Where the dimension does not apply to the slot being

used, insert 0. on input sheet.

S_TATOR SLOTS - Number of

DEPTH BELOW SLOTS - The depth of the stator core below the
slots.

Due to mechanical strength reasons, h_ should never
be less than 70% of h,.

L0 - @+ 2mg)] = @2 - [0y + 202)
c 2 2

SLOTS PER POLE PER PHASE

N N )
®) (@) ~ 6 6)

STATOR SLOT PITCH

) 7y
Ts ~ Q ~ (@3)




@7

(28)

(28)

(30)

31)

Ts1/3

N\

/

STATOR SLOT PITCH - 1/3 distance up from narrowest section
For slot (a), (b), (c), and (e)

@+ .680)] glay, . 66(22)]
751/3 ~ Q) T (23)

For slot (d)

)@ + 2(hy) + 1.32(@] _

[Fa))

e/

77‘[(—11) + 2(22) + 1.32(25]
‘ (23)

TYPE OF WINDING - Record whether the connection is "wye"

or "delta". For ''wye' conn use 1. for input. For

""delta' use 0. for input

TYPE OF COIL - Recdrd whether random wound or formed

coils are used. For random wound coils use 0. for

input. For formed coils use 1. for input.

CONDUCTORS PER SLOT - The actual number of conductors

per slot. For random wound coils use a space factor

of 75% to 80%. Where space factor is the percent of
the total slot area that is available for insulated con-
ductors after all other insulation areas have been

subtracted out.

THROW - Number of slots spanned. For example, with a coil
side in slot 1 and the other coil side in slot 10, the
throw is 9.



(31a)

(32)

(33)

(34)

(35)

(36)

(37)

ST

/ﬂez

ST
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PERCENT OF POLE PITCH SPANNED - Ratio of the number
of slots spanned to the number of slots in a pole pitch

_ o _ @Y
@ @ = ) (25)

PARALLEL PATHS, No. of - Number of parallel circuits per
phase

STRAND DIA OR WIDTH - In inches. For round wire, use

strand diameter. For rectangular wire, use strand
width.

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have a more
flexible conductor and reduce eddy current loss a
stranded conductor is often used. For example, when
the space available for one conductor is .250 width x
. 250 depth, the actual conductor can be made up of

2 or 3 strands in depth as shown

N

}one conductor
one strand { J

For a more detailed explanation refer to section
titled "Effective Resistance and Eddy Factor' in the

Derivations in Appendix.

DIAMETER OF BENDER PIN in inches - This pin is used in

forming coils

COIL EXTENSION BEYOND CORE in inches - Straight portion
of coil that extends beyond stator core

HEIGHT OF UNINSULATED STRAND in inches




(38)

(39)

(40)

(41)

(42)

(43)

SK

42

DISTANCE BETWEEN CENTERLINES OF STRANDS IN DEPTH
J

in inches

STATOR COIL STRAND THICKNESS in inches - For rectangular

conductors only. For round wire insert 0. on input

sheet.

SKEW - Stator slot skew in inches at stator I.D.

POLE PITCH in inches

m(d)  7(11)
®) = ®)

SKEW FACTOR - The skew factor is the ratio of the voltage in-
duced in the coils to the voltage that would be induced

if there were no skew

7 (75
sml, SK‘] sin ’IT(ﬁ?—]

Ksk 77'( '7:-,) = 77’(40)
7_T 2(31)
Tp

DISTRIBUTION FACTOR - The distribution factor is the ratio

of the voltage induced in the coils to the voltage that
would be induced in the coils if the winding were
concentrated in a single slot. See Table 2 for com-

pilation of distribution factors for the various har-

monies.
(q)(ms)
S| —— 180°
K. = where «c_ = +——~
d (q)sin(ocs) S (n}\q)

2



(44)

(45)

(46)
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. (0] . 0
'.Kd = S l__éOO/(m)j = St E)g /(5)] For (25) = Integer
(@sin [90°/(m)(@)] (25)sin[90°/(5) x (25)]
O_I'
« - sin[Ne(m)/2] @ 180°

K

K,

d - N sin Ec(m)/z__l- where N = Integer = @™®) X Integer & ocxg = Nx(m)

sin[00%m)] _  sin[90%/(5)]
N sin[90°/N(m)] N sin[90°/Nx (5)]

d

For (25) = Integer

PITCH FACTOR - The ratio of the voltage induced in the coil to

the voltage that would be induced in a full pitched

coil. See Table 1 for compilation of the pitch factors

for the various harmonics.

: ‘ Y) 0‘1 : (31) 0
K_ = sin x 907 | = sin x 90
P (m)(q) (5)(25)

TOTAL EFFECTIVE CONDUCTORS - The actual number of ef-

ing for the distribution factor.

Q)X Esr)  93)(30)(44) (42)
Be = ©) = (32)

' CONDUCTOR AREA OF STATOR WINDING in (inches) -

' The actual area of the conductor taking into account
the corner radius on square and rectangular wire.
See the following table for typical values of corner

radii

If (39) = 0 then a_ = . 25T(Dia)® = . 257(33)?
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- . 2
If (39) # O then a, = (N) [ (strand width) (strand depth) - (.838, )]

(34)| 33) (39) - {.sssrcz}]

where . 858 rcz is obtained from Table V below.

(39) (33) .188 .189 (33) .75 (33) .751
. 050 . 000124 . 000124 . 000124
.072 . 000210 . 000124 . 000124
.125 . 000210 . 00084 . 000124
. 165 . 000840 . 00084 . 003350
. 225 . 001390 . 00189 . 003350
. 438 -- . 00335 . 007540
.688 - . 00754 . 01340
-- -- . 03020 . 03020
TABLE V

(47) SS - CURRENT DENSITY - Amperes per square inch of stator con-
ductor
N - )
S (C)a,)  (32)(46)

(48) LE END EXTENSION LENGTH in inches - Can be an input or output.

For LE to be output, insert 0. on input sheet.

For L., to be input, calculate per following:
When (29) = 0 then:

) .5+KT1T9E+h;I ]
- = -

3Tf (6) = 2
511 (6) -%ﬁ(ﬂ) [11)+(2:a
177

(23)

L

ooy




| (49)

(50)

(51)

(52)

(hot)

When(zs)zl then

Lp = 2[2+ Ez--l-dla}

2
—2x(36) 47 (22)+(35) + (31) (26)
Lt Yiz6)? - (22)

1/2 MEAN TURN - The average length of one conductor in inches
Zp= @)+ (Ly) = (13) + (49)

STATOR TEMP °C. - Input temp at which F. L. losses will be
calculated. No load losses and cold resistance will
be calculated at 20°C.

RESISTIVITY OF STATOR WINDING - In micro ohm-inches @
20°¢. If tables are available using units other than
that given above, use Table VI for conversion to

ohm-inches.
/0 ] ohn.l-cir
ohm-cm ohm-in mil/ft
lohm-cm = | 1.000 0.3937 6.015 x 10°
lohm-in = | 2.540 1. 000 1.528 x 10°
1 ohm-cir mil/ft = |1.662 x 10”7 | 6.545 x 10~ 1. 000
TABLE VI

Conversion Factors for Electrical Resistivity

RESISTIVITY OF STATOR WINDING - Hot at xs°c in micro ohm-
inches

(x °c) + 234.5 N
[ + - 1) ESO) + 2.34. 5J




| (53)

(54)

(55)

(56)

Repn
(hot)

EF
(top)

EF
(bot)

Repr
(cold) |

STATOR RESISTANCE/PHASE - Cold @ 20°C in ohms ..

(PO (51)30)23)(49)
(m)(a c)(ar G)e6)32)°

RSPH(cold)

_STATOR RESISTANCE/PHASE - Calculated @ X°C in ohms

N (P pot )@ )(Q)(t’t) (52)(30)(23)(49)
SPH({hot) (m)(a, )C)2 (5)(46)(32)°

EDDY FACTOR TOP - The eddy factor of the top coil.
Calculate this value at the expected operaring tem-
perature of the machine.

N2 -1 1 2
- 1 -3
EF, =14 .534[st 5t21\3 35% 10

[ )06, )
! (o )U’Shﬁ WJ

2
-1 +{584 . E"ﬁr—({f‘}%@?‘:}s. 35 x 1073

2
(37)(30)(5a) (46)
(22)(52) 10° |

EDDY FACTOR BOTTOM - The eddy factor of the bottom coil

at the expected operating temperature of the machine

. b )a)0E) |2
EF(b9) (EF o)) - 1677 lF 0] x 10

| OB o)1



(57)

(57a)

(58)

tm

b 1/3
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- 65 - 6w [(—37)(30)(5"‘)(3‘51 10
(22)(52) 10°_|

STATOR TOOTH WIDTH 1/2 way down tooth in inches -

For slots type (a), (b), (d) and (e), Figure I

) + (hz] 11) + (@2
B = @ - (bs)=ZL(Tj2+ - (22)

For slot type (c), Figurel

T +2h) | 11) + 2(22
btmz‘;@—rg- (b,) =E@%Q_ (22)

STATOR TOOTH WIDTH 1/3 distance up from narrowest section
For slots type (a), (b) and (e)

by 1/3= (75 1/3) - () = @7) - (22)

For slot type (c)

b, 1/3 = by = 67)

For slot type (d)
b 1/a= (5 /) - 22 (0) = 27) - .94 (22)
t 1/3 1/3 3 s :

TOOTH WIDTH AT STATOR I.D. in inches -
For partially closed slot

bt=”g)-b0=71(‘1§51)1-(22)

For open slot

JT@ ) TAD
T P T - @2




(59)

(59a)

(60)

(61)

(62)

max

(@]
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MINIMUM AIR GAP in inches - For concentric pole face

g
g

. = . Or non concentric fa
min = &max F pole ce

min = 58P at the center of the pole.

MAXIMUM AIR GAP in inches

REDUCTION FACTOR - Used in calculating conductor permeance
and is dependent on the pitch and distribution factor.
This factor can be obtained from Graph 1 with an as-

sumed K d of . 955 or calculated as shown

I P
X

C. = =
Kp) )% (a4)® (43

NOTE: See special case for (e) slot refered to
calculation (62)

FACTOR TO ACCOUNT FOR DIFFERENCE in phase current in

coil sides in same slot

1 300) ., |
KX 4 imﬂq$+1

F3(31) +£|

——

For 3 phase

| -t

= TITE)YYZ_J For 2 phase

(31)

NOTE: See special case for (e) slot. Refer to calcu-
lation (62)

CONDUCTOR PERMEANCE - The specific permeance for the
portion of the stator current that is embedded in the

iron. This permeance depends upon the configuration
of the slot.
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{ ‘» (a)“\:‘ForOpe'xisiot(s’

) 20 Gy @) ®)?  .350)
M7 @ By 36y W@ T )

[ 2
20 |@2) (22 58)%  .35(s8
2= (60) pritoes | 638 + ooy )+ 50T * (z(e))]

(b) For partially ciosed slots with constant siot width

20 [B) 20) B @) ®)F .35p)

w

2= ‘Cx’rﬂasm W“F)‘ 3‘6‘? TG('?)'@ —(—r

20 22 2(22 22 58)° .35(58

(d) For round slots

o]
2% € @ oo

.

, (22)

~ (e) For open slots with a winding of one conductor per slot

by (@) © (]
*1° O | B * Ty S i cAME Ol

» = (60) 20 [(22) (22) —(?52?%5 (26)

T A6
G

@) - 1




(63)

(64)

(65)

(66)

(67)

LEAKAGE REACTIVE FACTOR for end turn

Calculated value (LE)
Kg = M 9711.:) from Graph 1 (For machines where (11)>8")

where LE = (48) and abscisa of Graph 1 = (7)(7; ) = (31)(26)

- alculated value i(LE) (For machines where (11)<8")
KE Value (LE) from Graph 1 '

END WINDING PERMEANCE - The specific permeance for the
end extension portion of the stator winding

6.28(¢ {¢E L{] 6.28(63) e LE
Oy 343 | 2

E E . .
The term —35 (18 obtained from Graph 1.

The symbols used in this (term) do not apply to those
of this design manual. Reference information for the
symbol origin is included on Graph 1.

WEIGHT OF COPPER - The weight of stator copper in lbs.

#'s copper = .321(ns)(Q)(ac)( t) = .321(30)(23)(46)(49)

WEIGHT OF STATOR IRON - in lbs.

#s iron = .283.{(b )@(£)(hg) + TD) - ()] B}

283 @57)(23)(17)(22) +T[12) - 29)] (24)(17%

CARTER COEFFICIENT

L [e )]

(For open siots)
(1) @+ 0)]- 67




(68)

(69)

(70)

(71)
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K = (26)([2__:()55(59) @]
+ (32)] - (22)

’7’s E44(g)+ 75(b j
Ks'
T, [4 4@ + . 750,) |- w )%

(For partially closed slots)

@6)] 4. 44(59) + . 75(22) | -
K = :
® @6)[4.4459) + .75(29)] - (22)°

AIR GAP AREA - The area of the gap surface at the stator bore

Gap Area = TT(d)(£) = m(11)(13)

EFFECTIVE AIR GAP

g, = (K,)(®) = (67)(59)

AIR GAP PERMEANCE - The specific permeance of the air gap

6.38(d) _ 6.38(11)

Ve U

ar)'(g—)'W

THE RATIO OF MAXIMUM FUNDAMENTAL of the field form
to the actual maximum of the field form - This term
can be an input or output. For C 1 to be output insert
0. on input sheet. For C1 to be input, determine C1
as follows:

For pole heads with only one radius, C1 is obtained
from curve #4. The abscisa is ""pole embrace" (cc)
= (77). The graphical flux plotting method of deter-
mining C1 is explained in the section titled "Deriva-
tions" in the Appendix.




(12)

(73)

(74)
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WINDING CONSTANT - The ratio of the RMS line voltage for a

full pitched winding to that which would be introduced
in all the conductors in series if the density were
uniform and equal to the maximum value. This value
can be an input or output. For tho be an output,
insert 0. on input sheet. For CW to be an input, cal-
culate as follows:

E)C K,

. 3)A1(3)

C =
VO Eppm  VZ @)

Assuming Kd = . 955, then CW = ,225 C1 for three
phase delta machines and C,_. = . 390 C1 for three
phase star machines.

w

POLE CONSTANT - The ratio of the average to the maximum

value of the field form. This ratio can be an input or
output. For CP to be an output, insert 0. on input
sheet. For CP to be an input, determine as follows:
For pole heads with more than one radius Cp is cai-
culated from the same field form that was used to
determine Cl’ and this method is described in the

section titled ""Derivations” in the Appendix. For

pole heads with only one radius CP is obtained from

curve #4. Note the correction factor at the top of the
curve. |

. DEMAGNETIZING FACTOR - direct axis - This factor can be

an input or output. For CM to be an output, insert
0. on input sheet. For CM to be an input, determine
as follows:



(75)

(76)

(™)

' (@)Tr+ sin [(oc)nj (77 + sin [(1T)7]
M dem[@ W2 4 sim[em W)
CM can also be obtained from curve 9.

CROSS MAGNETIZING FACTOR - quadrature axis - This factor
~ can be an input or output. For C ‘to be an output, in-
sert 0. on input sheet. For C q to be an input, deter-

mine as follows:

1/2 cos[ () M/2]+ (a)TT - sin[ (cc)TT]
C -

- . VALID FOR
a 4 sin [:(a:) 7772] CONCEN TRIC
POLES .
1/2 cos (17) W2}+ (*0)TT - sin[ (1)1 ]
4 sin[ (17) 2]
Cq can also be obtained from curve 9.
POLE DIMENSIONS LOCATIONS per Figure 2 |~
| L
Where: [ "h :J'
| In
bh = width of pole head - fh"
b, = width of pole body hg
h, = height of pole head at center Sp—afefp
b, = height of pole body
/p = length of pole body Fig. 2

£y = length of pole head

all dimensions in inches

POLE EMBRACE

b



(78)

(79)

(80)
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AMPERE CONDUCTORS per inch - The effective ampere con-~
ductors per inch of stator periphery. This factor
indicates the "specific loading" of the machine. Its
value will increase with the rating and size of the
machine and also will increase with the number of
poles. It will decrease with increases in voltage or

frequency. A is generally higher in single phase
machines than in polyphase ones.

A 2 @K g0 g
ZCSZ'rSi ~ (32)(26)

REACTANCE FACTOR - The reactance factor is the quantity by

‘ which the specific permeance must be multiplied to
give percent reactance. It is the percent reactance
for unit specific permeance, or the percent of normal
voltage induced by a fundamental flux per pole per
inch numerically equal to the fundamental armature
ampere turns at rated current. Specific permeance
is defined as the average flux per pole per inch of
core length produced by unit ampere turns per pole.

100(A)(K ) _ ___100(78)(43)

X =
72(C)B) x 10° V2 (71)(125) x 10°

LEAKAGE REACTANCE - The leakage reactance of the stator

for steady state conditions. When (5) = 3, calculate
as follows:

Xy = X[ + (0g)] = @9)[(62) + (64) ]

In the case of two phase machines a component due ,
to belt leakage must be included in the stator leakage. -
reactance. This component is due to the harmonics

¢
‘



(81)

(82)

(83)

(84)

(85)

ad
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caused by the coneentrationdtheMMFintbgsma]l
number of phase belts per pole and is negligible for
three phase machines. When (5) = 2, calculate as

R0

Xy = (19)[_(62) + )64) + (80) ]

REACTANCE - direct axis - This is the fictitious reactance due
to armature reaction in the direct axis.

Xaa= BAC)C,,) = @9)T0)(T1)(74)

REACTANCE - quadrature axis - This is the fictitious reactance
due to armature reaction in the direct axis.

= R)CH(Dy) = (19)(75)(70)

SYNCHRONOUS REACTANCE - direct axis - The steady state

short circuit reactance in the direct axis.

Xg = Xg)+ X 5 = (80) + (81)

SYNCHRONOUS REACTANCE - quadrature axis - The steady
state short circuit reactance in the quadrature axis.

= (Ky)+ (X, ) = (80) + (82)

POLE AREA - The eﬂective cross sectional area of the pole.
a,= (bp)(»‘p)(Ki) = (76)(76)(16)




(86)

(87)

(88)

(89)

Y

POLE END LEAKAGE PERMEANCE

{[ﬂ) (z):|+ (hf)= 25(12
{2] (76) - (13) !+ (76) + . 25(76)}

POLE TIP LEAKAGE PERMEANCE

{23%) + @) - ('rp)/lsj}
Me =TT

el

CARN N

2[(76) + (59) - (41)/18 ]
[ oo }

POLE SIDE LEAKAGE PERMEANCE

®)
s {rr/(r)[(d ) =2, - 5] (bf}

{ Ub) }

DAMPER SLOT DIMENSIONS b -‘g ;4- 3'-

8'
8‘

bbo - width of slot opening

b’bo - height of slot opening
hb - diameter of round slot

b, ; - height of bar section of slot g‘—bbl——f

bbl - width of rectangular slot
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(90) | -- | DAMPER BAR DIA OR WIDTH in inches

(91) th DAMPER BAR THICKNESS in inches - Damper bar thickness
| considered equal to damper bar slot height (h,, ) per
item (89). Set this item = 0 for round bar.

(92) NUMBER OF DAMPER BARS PER POLE

nb
(93) /b DAMPER BAR LENGTH in inches

(94) To DAMPER BAR PITCH in inches

) | P 'RESISTIVITY of damper bar @ 20°C in ochm-inches - Refer to

table given in item (51) for conversion factors.

96) | X

D C | DAMPER BAR TEMP °C - Input temp at which damper losses
are to be calculated. '

@n | Ap | RESISTIVITY of damper bar @ X,°C

— -
_ (95)' (96) + 234.5 |

L" 254.5 _J

98) | a cd CONDUCTOR AREA OF DAMPER BAR - Calculate same as
stator conductor area

—
5 - (P
Fomoty = UD| T mmEEs |

At (46) except substitute / (91) for (39)
(90) for (33)

If (91) = 0
aq=-257 (damper bar dia)? = . 257(90)2

If (91)#0
a4 = (hbi) (damper bar widtp) = (91)(90)




(98a)

(99)
(100)
(101)

(102)

(103)

(104)

(105)

(106)

(107)

cf

| (hot)

(cold)

S8 & :

PERIPHERAL SPEED - The velocity of the rotor surface in feet
per minute

v _79IEPM) o0y
r 12 - 12

NUMBER OF FIELD TURNS PER POLE

MEAN LENGTH OF FIELD TURN

FIELD CONDUCTOR DIA OR WIDTH in inches

FIELD CONDUCTOR THICKNESS in inches - Set this item = 0.

for round conductor

FIELD TEMP IN °C - Input temp at which full load field loss is
~ to be calculated.

RESISTIVITY of rotor field conductor @ 20°C in micro ohm-

inches. Refer to table given in item (51) for conver-
sion factors.

RESISTIVITY of rotor field conductor at X C

(X, C) + 234.5 103) + 234. 5
Pf(hot)=lof[ 254.5 :’ (104)[ A ]

CONDUCTOR AREA OF ROTOR FIELD WDG - Calculate same
as stator conductor area  (46) except substitute
(102) for (39)
(101) for (33)

COLD FIELD RESISTANCE @ 20°C

Np)(P)(£,,) 99)(6)(100
R (cold) = (A (CO) = = (104) —(ﬂ%y—( )(5)(100)




(108)

(108a)

(108b)

(109)
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| HOT FIELD RESISTANCE - Calculated at X,.’C (103)

Np)@)L,) 99)(6)(100
Re mot) = (4 hot! gy - 109 (_()(T()R(SY‘) |

WEIGHT OF ROTOR FIELD COPPER in lbs

#'s of copper = . 321(NP)(P)(ltr)(acf)

= . 321(99)(6)(100)(106)

WEIGHT OF ROTOR IRON - Because of the large number of
different pole shapes, one standard formula cannot
be used for calculating rotor iron weight. Therefore
the computer will not calculate rotor iron weight.

The space is allowed on the input sheet for record
purposes only. By inserting 0. in the space allowed
for rotor iron weight, the computer will show 0. "
on the output sheet. If the rotor iron weight is avail-
able and inserted on input sheet, then the output sheet
will show this same weight on the output sheet.

£

PERMEANCE OF DAMPER BAR - The permeance of that portion

of the damper bar that is embedded in pole iron.

For round slot

o= 6. 3a|:m+ 62 + . 5:, 638[(89)+.62+.5J

For rectangular slot
My =638 B2 B! (hbl)+ 5] 6.38 |:(89) (89) , 5:|



(110)

(111)

(112)

(113)

PERMEANCE OF END PORTION OF DAMPER BARS

®) - M) [(nb) - 1]
%pt = 6. 38{ 1)

- 6.38 {(76) - (9%92) - 1]}

ROTOR LEAKAGE PERMEANCE

Mg =4.25 [()\S ) + 1'501():] N s.seQ\ee)

- 4.25 [ (88) + 1.5(87)] + 6. 38(86)

FIELD LEAKAGE REACTANCE

c,/c._)
X ___(Xad) 1_[ 1 m]]

F 2(C AF
( p$+42 )

7ﬂ?~a5
[ r ~ 1
- ey |1 -Low/ay]
2(73)+ 2411)
77 (70)

FIELD SELF INDUCTANCE

Ly = M) BN [(Cp) T + ()] x 1078

= 0*@)08) [ 1370 T+ 11)] x 107



(114)

| (115)

(116)

(117)

(118)

Dd

PERMEANCE OF DAMPER BAR - in direct axis

_ cos[("bl. -1} ('rb)ﬁ] (%) + Opp} ()
2(rp) 7* 2ptt2E

< (92) - 1¥(94) 109 110)} (111
cos [[ } ]} {% o )I (110)} ( )}

DAMPER LEAKAGE REACTANCE - in direct axis

Xpg* X(Z‘D o (19)(114)

PERMEANCE IN QUADRATURE AXIS

For round slot

20(T )"y, )
™ 0 (g)
Dq TTP) (bbo + .62+ .5+ (?

= 20(94) g%; 62 + . 5+{-5%

For rectangular slot

20(0)"hy ) () (g)
700 * TET| B HEI R

_ 20(94)| (89)  (89) , (69)
TTAD | B9) 369 T 0t (9%

DAMPER LEAKAGE REACTANCE - in quadrature axis

xDq =X(A ) = (79)(116)

UNSATURATED TRANSIENT REACTANCE

X du.-..(xl) + O(f) = (80) + (112)
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(119)

(120)

(121)

(122)

(123)

1]

SATURATED TRANSIENT REACTANCE

t 1]

X4 =-88(X, ) = .88(118)

SUBTRANSIENT REACTANCE in direct axis

When damper bars exist, i.e. when (92) # 0

Xy = (K4) + () = (80) + (115)

When no damper bars exist, i.e. when (92) = 0
X;= Xy =(119)

SUBTRANSIENT REACTANCE in quadrature axis

When damper bar exists, i.e. when (92) # 0

14]

X, = Kg) + (X ) = (80) + (116)

When no damper bars exist, i.e. when (92) = 0

"X = (84
Xq =%y =69

NEGATIVE SEQUENCE REACTANCE - The reactance due to the
field which rotates at synchronous speed in a direction

opposite to that of the rotor.
X, = .5 [xd + xq} .5 [(120) + (121) ]

ZERO SEQUENCE REACTANCE - The reactance drop across
any one phase (star connected) for unit current in each
of the phases. The machine must be star connected
for otherwise no zero sequence current can flow and
the term then has no significance.
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" 1(28)=0  Then X =0
If 28) #0  Then

1.667 [(h,) + 3(h,)
[1 3] 2(%E)
@ @& Y0

o= x) 5 [0+ O]

- (9] (1232) [(sz) (1230):] 1.667 [(22)+ 322)] 2(6;%

L (5)(25)(44) 143\2129\
(123a) KX o If 30)=1 Then Kxo =1
H(30)#1 Then Kxo=(%%- 2
331) _,
- (B)@5) T
(1230) | K_, f(30)=1 ThenK_, =1

If (30) ;l 1  Then:

Kx1= 3(”) ‘l l_-%% If (312) 2. 667

SUE 3‘7’ -—:I- 3(31) _1\4 If (31a) <. 667

(123¢) 7"Bo I 92)=0 Then:

Moo —2 [ 07 ] - ((ﬁ;a)[ 07(70) |

X, ) )
Tf_F 7bq) * (KP) E07(7‘-a)]

")

If (92) # 0 Then}'




(129) | &,

(125) | B

(127) | B

(128) | B

(126) | @5,

(123a) (123a)
(116) 07(70)
{1735 et [ ]

- Hn?g%} a 16)} {% Em(m)]}

TOTAL FLUX IN KILO LINES

@ 6(E)10°  _ 6(3)10°
T ™ Yo JRPM) = 7

GAP DENSITY in Kilo Lines/ in2 - The maximum flux density

in the air gap
7rZ 5125 r(11)(13

FLUX PER POLE in Kilo Lines

@) (1243)
P P ~ (®

'TOOTH DENSITY in Kilo Lines/in - The flux density in the

stator tooth at 1/3 of the distance from the minimum
section.

@ (124) -
ol ow 79 @)

CORE DENSITY in Kilo Lines/in? - The flux density in the
stator core

@p) (126)
—(_)_(7«_7 22H([a7)



(120) | F - STATOR TOOTH AMPERE TUERNS
Fp=h [:m/m at density Bt:l

= (22) k~up on stator magnetization curve given in:l
| (18) @ density (127) o

(130) |F STATOR CORE AMPERE TURNS

\ v
Fc = m:azﬁ)(hclj:l [NI/ in @ density of Bc]

=[:ﬂ'l (12) - (24) :!I Look-up on stator magnetization curve:]

given in (18) @ density (128)

(130a)| F STATOR AMPERE TURNS, total

Fg = (Fp) + (F,) = (129) + (130)

(131) | F AIR GAP AMPERE TURNS - The field ampere turns per pole
required to force flux across the air gap when
operating at no load with rated voltage.

B)E)  (125)(69)
v - %)e=‘ )

(132) |T do OPEN CIRCUIT TIME CONSTANT - The time constant of the
field winding with the stator open circuited and with
negligible external resistance and inductance in the
field circuit. Field resistance at room temperature
(20°C) is used in this calculation.

v L (3)
Tao = R = (100)




(133) | T, | ARMATURE TIME CONSTANT - Time constant of the D.C.
component. In this calculation stator resistance at
room temperature (20 C) is used. '

T .. 2 (12
a Zﬁﬁwﬁﬂras ~ 2007 (5a)(133)

where r

2
_ m)0py)" Repycod  (5)(8)2(53)
a  Rated KVA - (2)

(134) | T d TRANSIENT TIME CONSTANT - The time constant of the
transient reactance component of the alternating

wave.

X (X )

1

(135) | T SUBTRANSIENT TIME CONSTANT - The time constant of the

subtransient component of the alternating wave.

This value has been determined empirically from
tests on large machines. Use following values.

T; = . 035 second at 60 cycle

1"

T4

= . 005 second at 400 cycle

(136) | F SHORT CIRCUIT AMPERE TURNS - The field ampere turns
required to circulate rated stator current when the

stator is short circuited.

Fgo = KQ(F) = (63)(131)

SC

(137) | SCR | SHORT CIRCUIT RATIO - The ratio of the field current to pro-
duce rated voltage on open circuit to the field current
required to produce rated current on short circuit.
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Since the voltage regulation depends on the leakage
reactance and the armature reaction, it is closely

related to the current which the machine produces

under short circuit conditions, and therefore is

directly related to the SCR.
F
SCR = FNL . (142)
SC

The items to follow (138) to (158) are to be calculated
for variable loads. The first set of calculations are at
no load. These calculations will then be repeated for
100% load. From then on any variation in load would

be a repeat of the 100% load calculations with the proper
percent load inserted.

(138) | @y | LEAKAGE FLUX - at no load
By = -00638[ (A )+ (A,,) + (n, V][F )+ (Fg) |(£p)
= .00638[(88) + (86) + (37)] Bm) + (130a)](76)

(139) ¢PT TOTAL FLUX PER POLE - at no load
¢PT = ¢P + ¢l = (126) + (138)

(140) BP POLE DENSITY - The apparent flux density at the base of the
pole. Note that no provision is made in this manual
for calculating the density in the spider section. It
is therefore important to remember not to restrict
the ﬂux area through this section.




(141)

(142)

(143)

(144)

NL

_©@pp) (139)
Bp B B )}

POLE AMPERE TURNS - at no load. The ampere turns per pole

required to force the flux through the pole and spider
at no load rated voltage. In general the spider density
is kept fairly low and its ampere turns can be neg-
lected. The no load pole ampere turns per pole are
calculated as the product of (hf) + (hh) times the NI
per inch at the density (BP). Use magnetization curve
submitted per item (18) for rotor.

Fp =[ () + () | [N1/in e density (Bp) |

= [(76) + (76)] [Look-up on rotor magnetization
curve given in (18) @ density (140)]

TOTAL AMPERE TURNS - at no load. The total ampere turns
per pole required to produce rated voltage at no load.

Fyp, = [(Fp + (Fg) + (Fp)]=[(131) + (130a) + (141)]

FIELD CURRENT - at no load

= (Fyp)/ (Np) = (142)/ (99)

CURRENT DENSITY - at no load. Amperes per square inch of
field conductor.

Sp = Upnp)/ @y = (143) /106)



(145)

(146)

(147)

(148)

T'Rp

F&W
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FIELD VOLTS - at no load. This calculation is made with cold

field resistance at 20°C for no load condition.

Ep = Upnp)®eco1d = (143)(107)

ROTOR IzR - atno load. The copper loss in the field winding

is calculated with cold field resistance at 20°C for
no load condition.

- - 2 o 2 Lo , 'y \2 T WY
Rotor iR = uFNL) (K.f cold) = (143)" (107)

FRICTION & WINDAGE LOSS - There is no known calculation

method that will give accurate results for this loss.
The best results are obtained by using existing data.
For ratioing purposes, the loss can be assumed to
vary approximately as the 5/2 power of the rotor
diameter and as the 3/2 power of the RPM. When

no existing data is available, the following calculation
can be used for an approximate answer. Insert 0.
when computer is to calculate F & W. Insert actual

F & W when available. Use same value for all load
conditions.

6

F&W=252x10

)2.5

@)™ ° (£,) @pm’®

2.52 x 10°° (112)%-5 (76) m)1-®

STATOR TEETH LOSS - at no load. The no load loss (WTN

)
L
consists of eddy current and hysteresis losses in the

iron. For a given frequency the no load tooth loss
will vary as the square of the flux density.



(149)

(150)

NPL

Wy, = -4530, 1 /@40

= . 453(57a)(23)(17)(22)(148)

2
B,)
Where Ko, - (k) [(ﬁtr:r = (19) %25’)2]

STATOR CORE LOSS - The stator core losses are due to eddy

currents and hysteresis and do not change under load
conditions. For a given frequency the core loss will
vary as the square of the flux density (Bc).

W, = 12[ @) - 6) ] 6IUJEY

1.42 [:(12) - (24): (24)(17)(149)

2 2

l:asc)“
Where KQ = (k) TET_J

POLE FACE LOSS - at no load. The pole surface losses are

due to slot ripple caused by the stator slots. They
depend upon the width of the stator slot opening, the
air gap, and the stator slot ripple frequency. The no
load pole face loss (WPNL) can be obtained from
Graph 2. Graph 2 is plotted on the bases of open
slots. In order to apply this curve to partially open
slots, substitute b0 for bs‘ For a better understand-

ing of Graph 2, use the following sample.

K1 as given on Graph 2 is derived empirically and
depends on lamination material and thickness. Those
values given on Graph 2 have been used with success.
K1 is an input and must be specified. See item (151)

for values of Kl‘



(150)

(Cont.)
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K2 is shown as being plotted as a functiqn of (BG)z' 5.
Also note that upper scale is to be used. Another
note in the lower right hand corner of graph indi-
cates that for a solid line (___), the factor is read
from the left scale, and for a broken or dashed line
(— ~ — ), the right scale should be read. For
example, find K, when By, = 30 kilolines. First lo-
cate 30 on upper scale. Read down to the intersection
of solid line plot of Kz f(BG) . At this intersec-
tion read the left scale for Kz K2 = .28. Also refer

to item (152) for K2 calculations.

K3 is sllxogg as a solid line plot as a function of
(FSLT) "7". The note on this plot indicates that the
upper scale X 10 should be used. Note FSLT
frequency. For an example, find K3 when FSLT =
1000. Use upper scale X 10 to locate 1000. Read
down to intersection of solid line plot of K3 =
f(FSLT)l' 65. At this intersection read the left scale
for K3 K3 = 1.35. Also refer to item (153) for K3

calculations.

= slot

For K4 use same procedure as outlined above except
use lower scale. Do not confuse the dashed line in
this plot with the note to use the right scale. The
note does not apply in this case. Read left scale.
Also refer to item (154) for K4 calculations.

For K5 use bottom scale and substitute b o for b s'w'hen
using partially closed slot. Read left scale when using
solid plot. Use right scale when using dashed plot.
Also refer to item (155) for K5 calculations.



(150)

(151)

(153)

(Cont. )f
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For K use the scale attached for Cland read K6
from left scale. Also refer to item (156) for Kg

calculations.

The above factors (Kz), (K3), (K4), (KS)’ (KG) can
also be calculated as shown in (152), (153), (154),

(155), (156), respectively.
Wont = T G) Ky (K ) (K, ()
= 77’(11)(13)(151)(152)(153)(154)(155)(156)

K1 is derived empirically and depends on lamination material
and thickness. The values used successfully for K

. 1
are shown on Graph 2. They are

1. 17 for . 028 lam thickness, low carbon steel
1.75 for . 063 lam thickness, low carbon steel
3.5 for . 125 lam thickness, low carbon steel
7.0 for solid core

K1 is an input and must be specified on input sheet.

K, can be obtained from Graph 2 (see item 150) for explanation
of Graph 2) or it can be calculated as follows:

Ky = 1(Bg)

6.1x 10°° (BG)2'5

6.1x 10°° (125)% 3

K3 can be obtained from Graph 2 (see item 150) for explanation
of Graph 2) or it can be calculated as follows:

5 1.65

Ky = f(Fg; o) = 1.5147x 107" (F

SLT)

1.5147 x 10”2 (153)1-6°
Where F

ar - & @

=) @3



(154) | K

(155) |
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can be obtained from Graph 2 (see item (150) for explanation
of Graph 2) or it can be calculated as follows:

Ky

For7’s.f._..9

_81(7,8)1.285

Ky = (T

- .81(26)!- 285

K, = £(7;) = .79(7)}- 145

79(26)1- 145

.79
.92(7;)

Ry
0

=

X
1

.92(26)" 79

K5 can be obtained from Graph 2 (see item (150) for explanation
of Graph 2) or it can be calculated as follows:

For (bs)/ )£1.7

3[ g/ @) 23!

.3 Bzz)/(ss)]z"“
NOTE: For partially open slots substitute b0 for bs

- in equations shown.
For 1. 7<('bs)/(g)‘.‘-. 3

K5 = f(bs/g)

K; = )/ (@) = .35[0,)/ (@) ]
= .35 22)/ (59)]?



(156)

(157)

DNL

‘ ’ 74
- For 3<0) /@) £5
K = 1)/ @ = .625[ (o)) / (@) | +*

= .625 [(22)/(59) 1.4
For (v,)/ (€)>5

K; = 1{b,)) (@)

1.38[ 0o,)/ @ | %

1.38[ (22)/ (59) | - 9

K6 can be obtained from Graph 2 (see item (150) for explanation
of Graph 2) or it can be calculated as follows:

Kg =£(C) = 10(:9323(01) - 1.60596]

= 10 E9323(71) - 1.60596:]

DAMPER LOSS - at no load at 20°C. This loss is produced by
slot ripple in the damper winding. At no load this
loss is calculated from curves 7 and 8.

1.246(P){n, )(4, )(ID;
Woyr = PTT (1B, D& )]

2

{ ‘Kn’[}(}s) +IE¥V;E)/(Km)]

(Kyyg)
+ (Kfz)[z()us) {(A g)/(xm)ﬂ }

_1 246(6)(92)(93)(95) l:(26)(125)(157)(157]2
(98) x 10°

ﬂ

{(157W + (157)[: (151 ]

-’



(157)

(Cont.)

75

1

T30,/ 26) 26|
) 1
V1+[22) /269

NOTE: Substitute b0 for bs when partially opened
stator slot is used.

WhereKP1= 1-

1

KPI can also be obtained from curve 7 where abscissa
is (bg)/ (g) or (b)/ (g) = (22)/ (59)

Where Kg = (Ks) = (67)
Whereg = (K JE) = (157)(59)
Where Kfl & Kfz are obtained from curve 7

Where the abscissa is S1 or 82

/€50 f(157)
Sl = 3.2 (—D)- = 3.2 Tgs-)—
(i

s2) [(57)
3.2 I_Dy 3-2 W

Where f5, = 2qmf = 2(25)(5)(5a)

S

2

i35 = 2(tg,)

Where le and sz are obtained from curve 8.
where the abscissa is (b 8) / (7;) for open slots or
(bo)/ (7;) for semi-enclosed slots (bs)/ (7;) =
(22) / (26)



(157)

(158)

(158a)

(159)

I'R

76

(Cont.) Where )\ is obtained from curve 8

Where the abscissa is (bbo) / (g') = 1%85%)).
When 91 = 0 or when (90) = (91)

75 75
My = 7 = 9 For round or square slots
C ZKfIS (157)

When 91 # 0 and when (90) # (91)

() (01
)‘C=TE;R_y3 P& = 3(89)(157)

Where 1 - %; + 0y + )

- %%3% + (157) + (157)

To (94)

(157) &

Where )‘g =
g

H

Where K¢1 and K¢2 are obtained from curve 8

Where the abscissa is (gri)) / (';ré ) = (94)/(26)

STATOR 12R - atno load. This item = 0. Refer to item (173)

for 100% load stator IzR.

EDDY LOSS - at no load. This item = 0. Refer to item (173a)
for 100% load eddy loss.

TOTAL LOSSES - at no load. Sum of all losses

- Total losses = (Rotor 12R) + (F & W) + (Stator Teeth Loss)
+ (Stator Core Loss) + (Pole Face Loss)
+ (Damper Loss)

= (146) + (147) + (148) + (149) + (150) + (157)




NOTE: The output sheet shows theé next items to be:
(Rating), (Rating + Losses), (% Losses), (% Efficiency).
These items do not apply to the no load calculation
since the rating is zero. Refer to items (175), (176),

- (177), (178) for these calculations under load.

Item (138) through (159) have been calculated for 0%
load or no load. They should all be repeated now for
100% load.

(160) ¢l ¢ | LEAKAGE FLUX PER POLE at 100% load

(e )(F ) +[ 1+ cos(®) |(F..) + (F.)
W@{d P [+ coo(®) ey c}

F )+ FT) +7ch)

i (160a)(131) + [ 1 + cos(160b) J(129) + (130)
= (138) )(ff%‘ﬁcfés)+m) L

(160a) je, Where e, = cos € + Xy sin Y

= cos (160b) + (83) sin (160b)

(160b) |6 Where 8 = cos™! [(Power Factor)_]
= cos”! :(9)]
| [ (X )/ (100)
Wheré S‘, - tan-l —sm (0) -cros Tgy ]

-1 r—in 160b 84) / (100
= tan : ( co)s+(IéUb; ( ):]

Where € = /- @ = (160b) - (160b)




asy) |

(162)

(163)

(164)

(165)

(166)

¢PTL

PL

PL

FL

FFL
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FLUX PER POLE at 100% load
FOR RF.0 70 -95

. 0093(X, )
¢PL = (¢P) (ed) - o0 sin (¥)
= (126)| (160a) - - 2993(61) ;, (160b)] |

Fon nr 95 70 10 Bre @K < (2cX93)
TOTAL FLUX PER POLE at 100% load

Bprr, = Ppr + By = (161) + (160)

FLUX DENSITY AT BASE OF POLE at 100% load

Po1L _ (162)

B, = —-1

PL ™ Tay

AMPERE TURNS PER POLE at 100% load

Fp = [(hi) + (hh)] [m/in @ density (BPL):l

= [(76) + (76)] Look-up ampere turns/inch on rotor
magnetization curve given in (18) at
density (163)
TOTAL AMPERE TURNS PER POLE at 100% load - The total
ampere turns per pole required to produce rated load.

Fpp = (€(F) +{ 1+ cos ©)] F,p) + (Fo) + (Fpp)
= (160a)(131) +|:1 + cos(160b):l (129) + (130) + (164)

FIELD CURRENT at 100% load




| (167)

(168)

(170)

(171)

FFL

bl

&

TFL

PFL

79

CURRENT DENSITY at 100% load

Current Density = (IFFL)/ (a'cf) = (166) / (106)

FIELD VOLTS at 100% load - This calculation is made with hot

field resistance at expected temperation at 100% load.

Field Volts = (I .. )R, ) = (166) (108)

ROTOR I°R at 1009

-

temperature for 100% load condition.

2 2

Rotor I"R = (IFFL) R Fhot) = (166) (108)

STATOR TEETH LOSS at 100% load - The stator tooth loss

under load increases over that of no load because of

the parasitic fluxes caused by the ripple due to the
rotor damper bar slot openings.

718 @ roaq) )
mFL [1_2 271(X )_Jl 00 +b} (W... I")

0 L

NOTE (X d) is in per unit

={2.E7(83)] AP (148)

POLE FACE LOSS at 100% load

2
(% Load)
_ (Ksc)aPH) 100 (ns) A )
WorL = ©F) ¥ PNL

(171)(8) 1 (3._0;]2 + 1% (150)

-J
(Ksc) is obtained from Graph 3



| (72)

(173)

(173a)

(174)

DFL

I'R

80

DAMPER LOSS at 100% load -

2
(Exscm?n) & ;] l D not!
WhFL + %

C)F ) - Vo) %7 cold)

[172)(8) 1 (30)|2 11 (157) %g
) (95)

) is obtained from Graph 3

STATOR IZR at 100% load - The copper loss based on the D.C.

resistance of the winding. Calculate at the maximum

expected operating temperature.

I'R

(’““)(IPH)2 Rspy hot!  Load)

(5)(8)% (54) 1.

EDDY LOSS - Stator IZR loss due to skin effect
___“(EFtop) i (EFbot) _} 2

i - -
Eddy Loss ' 5 - 1| (Stator I°R)

= —

Ess) (56) _ “I (173)
J

TOTAL LOSSES at 100% load - sum of all losses at 100% load

Total Losses = (Rotor 12R) + (F & W) + (Stator Teeth Loss)
+ (Stator Core Loss) + (Pole Face Loss)
+ (Damper Loss) + (Stator IZR) + (Eddy Loss)

= (169) + (147) + (170) + (149) + (171) + (172) + (173) + (173a)




(175)

(176)

(177)

(178)
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RATING IN WATTS at 100% load

Rating = 3(Epp)ipp) 13 @.¥.) Bpgad)

3(0)®) Y3 (9)(1.)

RATING & 2 LOSSES = (175) + (174)

% LOSSES =[Z Losses /Rating + 5 Lcsses] 100
- [(174) /(177)] 100

% EFFICIENCY = 100% - % Losses

100% - (177)

Item (160) through (178) are 100% load calculations.
These items can be recalculated for any load condition
by simply inserting the values that correspond to the

. (% Load)
% load being calculated. The factor oo takes care
of (IPH) as it changes with load.

Note that values for F & W (147) and WC (Stator Core
Loss) (149) do not change with load, therefore they
can be calculated only once.

NO-LOAD-SATURATION - The next series of calculations
are for the no load saturation where the items are calcu-

lated for various voltage conditions. For the purposes

of this manual, a sample set of calculations for item (179)
through (190) are presented for 150% of rated voltage.
The calculations for any other voltage can be obtained by
simply using the values that correspond to the % load be-
ing calculated.



(179)

(180)

(181)

(182)

(183)

(184)

The no load saturation is not a standard output for the
computer. When 0 is inserted in item (179) "No Load
Sat" on input sheet, the computer will not calculate the
no load saturation. When 1 is inserted in item (179) on
input sheet, the computer will calculate the no load
saturation at 80, 90, 100, 110, 120, 130, 140, 150,
160% of rated volts. There is a standard output sheet
availé.ble, therefore the items will be read out to match
the sequence of calculations that follow:

VOLTS - Line volts

Volts = (Per Unit Voltage)(Rated Voltage)

(1.5)(3)

AIR GAP AMPERE TURNS
| F:g = (Per Unit Voltage)(F,)
= (1.5)(131)

TOOTH DENSITY

1

t (Per Unit Voltage)(Bt)
(1.5)(127)

B

TOOTH AMPERE TURNS PER POLE

Repeat (129) using density (181)

CORE DENSITY

B, = (Per Unit Voltage)(BC)
= (1.5)(128)

STATOR CORE AMPERE TURNS

Repeat (130) using density (183)




(185)

(186)

| 87

(188)

(189)

(190)
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' STATOR AMPERE TURNS

Fs = FT + FC = (182) + (184)

LEAKAGE FLUX

T

P

00638 [(3 )+ (3, )+ (ry) [P+ )] ()
. 00638 [(88) + (86) + (87)] Elss) + (180)] (76)

TOTAL FLUX /POLE

¢'PT = [(Per Unit Voltage)(Q)P):] + B{Dfe )]

- [.5)a26)] [(186)]

POLE DENSITY
Bp =(@ppHap)= (187)/(85)

POLE AMPERE TURNS

Repeat (141) using density (188)

TOTAL AMPERE TURNS

1 1]

Fup * Fp + (Fg) + (Fp)

= (180) + (185) + (189)



(1)

(2)
3)
(4)
(5)
(6)
(7)
(8)

(9)

(10)

(11)
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COMPUTER PROCEDURE

Insert the first output sheet to the typewriter and line up the carriage with
the mark on the top of the sheet. Set single space.

Clear core for the 1st pass only.

Load the 1st pass object program.

Load the 1st pass data.

Punch outputs which are the input data for the 2nd pass.
Reset and load 2nd pass.

Repeat steps (3), (4), (5) and (6) for 2nd to 5th passes.

For the 6th pass, data of the two magnetization curves, the first for
stator and the second for the rotor, following the other data to be read in.

If no load saturation data are required, outputs will be punched out from
the 7th pass and be used in the 8th pass.

Insert the second output sheet to the typewriter as in step (1) before
processing the 8th pass.

The two magnetization curves are included as input data in the 8th pass as
in the 6th pass.



1)

@)
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The lastltemonthe last card (mputdataofthe lstpass)istheDesign

Number.

A thick line is drawn every six items on the input sheet.

INPUT DATA: -

1)
(2)

€)

(4)
()

All input data are provided on the input sheet. The data of the magneti-
zation curves are provided separately.

Data are punched on cards following the sequence of the input sheet,
first the left hand column and then the right hand column.

Each card consists of six data starting from column 1, 13, 25, 37, 49
and 61 consecutively.

t
i
222222222222

-

8
wWESUSBBALD

IRRERRERBERE
2222222222122

3333333333133
444444444444
555555555555
666666666666
1717171717171 117
jsssesessse
9999999989999

t23485c678ssnn2
-t 308

R

3333333313133

23
segsdc00000d
RTRANIRDHER
IRRRERERRRRR
222222222222

3333333333133

12-3
soeotoc0000
BBBERQUEES

IR RRRRRRRRE

222222222222

333333333333

Q444404 4444444400040000440008444444
55555555555555555555555055555555555
GGGEOEG6O60G6G66C60G5066656/666666666666
TN IIIINIIIII I 1]
sssnsssansgjessasasasasasnsasasags
$959999999919959589999895/999999999999[993999999999{999999999999998999379

LA D /R Rk B.F-7]

BNBANNRDNDS

RN QBUBEY

All data are in numerical and decimal form.

The input sheet should be fully filled in.

1230 /230.

00 00.00000000000000000000000000
NI NBHERIAABAROUGSHTRNI NN IDHERT RS0
AR RN R AR R R RN R AR R EERERRERE!

i

222222222222?2222222222222222222
33333333333353333333333333333333
A4A44444444040040008000048440404
955555555555/55555555555555555555
[66666E666666/56666666666666666666
17777771777777117777777777777777

S0 $) 5253 54 55 56 57 30 58 QRGNS AIRINSETANN



(7)

(9)
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The magnetization curves are read in ampere turns per inch (magnetiz-
ing force) for every 5 Kilolines per square inch (induction) starting
from 0 to 140, that is totally 29 points for each curve.

Data for two magnetization curves are required. The first curve for the
stator and the second for the rotor. If both are of the same kind of ma-
terial, two identical sets are used.

The first seven passes are to be used to complete the first output sheet
8 for the second output sheet.

Number of cards as input data to each pass:

: Magnetization
No. of Pass Data Curve Total

1st 15 0 15
2nd 16 0 16
3rd 17 0 17
4th 16 0 16
5th 17 0 17
6th 11 10 21
7th 9 0 9
8th 2 10 12

(10) Number of cards punched out from each pass:

' No. of Pass No. of Cards
1st 16
2nd 17
3rd 16
4th 17

S5th 11



(10) cont'd

No. of Pass No. of Cards
6th 9
Tth 2%
8th 0

* It is zero when no load saturation data are not required.
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INPUT SYMBOL LISTING

Calculation Electrical Fortran
Number Symbol Symbol
(2) Kva VA
(3) E EE
(4) Epg EP
(5) m PN

(5a) f F
(6) p PX
() Rpm RPM
® Iy o
(9) P.F P.F.
(9a). ' K, CK
(10). L.P. POL
(11) d DI
(12) D DU
(13) Y/ | CL
(14) n HV
(15) b, BV
(16) K, SF
(18) -- SML
(19) WL
(20) B BK

Explanation

Generator KVA
Line volts

Phase volts
Phases
Frequency

Poles

Speed

Phase current
Power factor
Adjustment factor

Load points

Stator inside diameter

Stator outside diameter

Gross core length

Number of radial ducts
Width of radial ducts

Stacking factor
Stator material
Watts/Ib.
Density

- 88

Remarks



Calculation Electrical Fortran
Number jymm

(1)

(22)
(22)
(22)
(22)
(22)
(22)

(22)

(22)

22)

(22)
(22)
(22)

(a3)
(28)

29)

(30)
1)
(32)

Symbol
-- VA A
b, BO
b, Bl
b, B2
by B3
by BS
h, HO
h1 HX
h, HY
h3 HZ
h s HS
% HT
h HW
Q QQ
- W
- RF
ng SC
y YY
c C

Explanation

Remarks

Type of slot

Stator slot dimensions

Type of winding
Type of coil

QMMMmhm:
Throw
Parallel paths

il el o B o
coococo
oQ0ow

0.0 delta
1.0 wye

0.0 random
1.0 formed



Calculation Electrical Fortran

Number Symbol Symbol
(33) -- DW
(34) Nst SN
(35) d, DB
(36) o2 CE
(37) hy, SH
(38) h; . SD
(39) -— DT
(40) Ty SK
(50) xgc T1
(51) JQS(ZOOC) RS
(59) €min GC
(59a) 8max GP
(71) c, C1
(72) Cy (03"
(73) C, CcP
(48) Lg EL
(74) C. CM
(75) C q cQ
(76) b, BH

Exglanaﬁon

Strand dia. or width
Strands/conductor
Diameter of pin

Coil extension straight
portion

Uninsulated height of
strand

Distance between CL of
strand

Stator strand thickness

Stator slot skew

Expected operating
temperature °c

Resistivity of stator
winding

Minimum air gap
Maximum air gap

Ratio max. to min. of
fundamental

Winding constant

Ratio of ave. to max.
field form

End extension one turn
Demagnetizing factor

Cross magnetizing factor
Pole head width



Calculation Electrical Fortran

Number Symbol Symbol
(76) bp BP
(76) h11 HH
(76) hf HF
(76) £, 5Q
(76) n PL
(77) a PE
(11a) d. DR
(16) K, RK
(18) - RML
(108b) -- WR
(151) K, D1
(89) bbo wO
(89) b HD
(90) -- DD
(89) hb 1 H
(89) bb 1 B
(92) n, BN
©3) 4, sB
(94) Th B
(95) Pp RE

_Explanation

- Remarks

91

Pole body width
Pole head height
Pole body height
Pole body length
Pole head length
Pole embrace

Rotor diameter
Stacking factor rotor
Rotor material
Weight of rotor iron
Pole face loss factor

Width of slot opening
(Damper slot)

Height of slot opening
(Damper slot)

Damper bar dia. or
width

Rectangular bar
thickness

Rectangular slot width
Number of damper bars
Damper bar length
Damper bar pitch

Resistivity of damper
bar at 20°C



Calculation Electrical

Fortran

Number Symbol Symbol
(96) x°Dc T3
(99) N PT
(100) J tr FE
(101) -- RD
(102) -- RT
(103) x‘]’fc T2
(104) £4(20°C)  RR
(179) -- SNL
(147) F&W WF

DNO
(174) -- Sp
(175) -- VA
(176) -- P
(177) -- PM
(178) -- E

_ Explanation

Expected operating bar
temp. in °c

'Number of field turns

Mean length of field

turns

Field conductor diameter

or width

Field conductor

thickness

Expected operating temp.

in °C

Field conductor resistivity

at 20°C

No load saturation

Friction & windage loss

Design number
Total loss (F.L.)

Rating in KW (F.L.)
Rating + losses (F.L.)
Percent losses (F.L.)

Percent efficiency

(F.L.)

92

0.0 no
1.0 yes



OUTPUT SYMBOL LISTING

Calculation Electrical Fortran
Number Symbol Symbol
(17) yA SS
(24) b, HC
(26) Ts TS
@7 Ts 1/3 TT
(42) K FS
(43) K, DF
(44) K, CF
(45) o EC
(46) a, AC
(47) 8 S
(49) 2, HM
(33) RPH(cold) RG
(54) RpH (hot) RP
(55) EF o) ET
(56) EF (01) EB
(62) X PC
(63) Mg EW
(65) -- wC
(66) -- WI
(41) To TP
(85) a AP

Ex_ptlanation

Solid core length

Depth below slot X 2

Slot pitch

Slot pitch 1/3 dist. up

Skew factor

Distribution factor

Pitch factor

Effective conductors

Strand area

Current density (stator)

1/2 mean turn

Cold stator resistance at 20°C
Hot stator resistance at X °C
Eddy factor top

Eddy factor bottom -

Stator conductor permeance
End permeance

Weight of stator copper
Weight of stator iron

Pole pitch

Pole area



. Calculation  Electrical

Fortran
Number Symbol Symbol
(86) A ES
(87) M TL
(88) M1 SL
(89) a.¢ AS
(80) R, {cold) FK
(91) R.f (hot) FR
(108a) -- RC
(108b) -- WR
(98a) v, VR
(132) Ty, - TC
(133) T, TA
(134) T4 T5
(135) T, T4
(136) F, FSC
(137) SCR SCR
(67) K, cc
(68) -- GA
(70) o AG
(69) 8o GE
(71) C 1 C1
(72) - c, cw
(73) c, CP

(48) Lg EL

94

Explanation

Pole end leakage permeance
Pole tip leakage permeance
Pole side leakage permeance
Field cond. area

Cold field resistance at 20°C
Hot field resistance at X °C
Weight of field copper
Weight of field iron
Peripheral speed

Open circuit time constant
Armature time constant
Transient time constant
Subtransient time constant
Short circuit ampere turns
Short circuit ratio

Carter coefficient

Air gap area

Air gap permeance
Effective air gap

Ratio max to fundamental
Winding constant
AVE/maximum field form

End extension one turn




Calculation
Number

(74)
(75)
(78)
(79)
(80)
(81)
(82)
(83)
(84)

(112)
(113)
(115)
(117)

(118)
(119)
(120)
(121)

(122)
(123)
(124)
(126)

Electrical

Fortran

Symbol Symbol
Cyy CcM
C q CcQ
A A
X XR
X XL
Xa d XL
Xaq XQ
X d XA
X q XB
XF XF
Ly SI
Xpd X1
X2
Xpq
1 4
X du XU
]
X XS
"
X XX
X" XY
q
XZ XN
X, X0
o, TG
() FQ

95

| Explanation

Demagnetization factor

Cross magnetizing factor

Ampere conductors/in.

Reactance factor

Leakage reactance

Reactance direct axis

Reactance quadrature axis
Synchronous reactance direct axis

Synchronous reactance
quadrature axis

Field leakage reactance
Field self inductance
Leakage reactance in direct axis

Leakage reactance in
quadrature axis

Unsaturated transient reactance
Saturated transient reactance
Subtransient reactance direct axis

Subtransient reactance
quadrature axis

Negative sequence reactance
Zero sequence reactance
Total flux

Flux per pole



R i

»L

Calculation
Number

(125)
(127)
(128)
(129)
(130)
(130)
(138)
(139)
(140)
(141)
(142)
(143)
(144)
(145)
(146)
(147)

* (148)
(149)
(150)
(157)
(158)
(158a)

(159)

&

g el

S Y5

Ta R

Electrical Fortran
Symbol Symbol
B, BG
B, TE
B, BX
F, FX
F, AT
F, FH
Y UX
Por TF
B'p PD
F, FA
Fyp FN
- FI
Sp cD
Eg EF
IZRR PR
F&W WF
WonL, ST
W, wQ
WpNL WN
WpNL DL
°R . PS
-- EX
- SP

Explanation

Gap density

Tooth density

Core density

Tooth ampere turns

Core ampere turng

Gap ampere turns
Leakage flux (No load)
Pole flux (N.L.)

Pole density (N.L.)

Pole ampere turns (N.L.)
Total ampere turns (N.L.)

Field amperes (N.L.)

Current density (Field) (N.1..)

Field volts (N.L.)

Rotor loss (N.L.)

Friction & windage loss (N.L.)

Stator tooth loss (N.L.)
Stator core loss (N. L.)
Pole face loss (N.L.)
Damper loss (N.L.)
Stator copper loss (N.L.)
Eddy loss (N.L.)

Total loss (N.L.)
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Calculation Electrical Fortran
Number Symbol Symbol
(160) D/ GZ
(162) ¢PTL GL
(163) BPL FD
(164) FpL FX
(185) Frp FB
(166) IFFL FI
(167) Sp CD
(168) Eppr EF
(169) IRy, PR
(147) F&W WF
(170) WTFL ST
(149) Ve wQ
(171) WorL PP
(172) WprL DL
(173) Ist PS
(173a) -- EX

Explanation

Leakage flux (Full load)
Pole flux (F.L.)

Pole density (F.L.)

Pole ampere turns (F.L.)
Total ampere turns (F.L.)
Field amperes (F.L.)
Current density (F.L.)
Field volts (F.L.)

Rotor loss (F.L.)
Friction & windage (F.L.)
Stator tooth loss (F.L.)
Stator core loss (F.L.)
Pole face loss (F.L.)
Damper loss (F.L.)
Stator copper loss (F.L.)

Eddy loss (F.L.)
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1
2

3
33

29

FORTRAN SOURCE PROGRAM

DIMENSION DA(8),DX(6),DY(8),DZ(8)
FORMAT(F12.5,F12.5,F12,5,F12,5,F12,5,F12,5)
FORMAT (40X F12.5)

FORMAT (9X F12.5,2X F12.5)
READ1, VA,EE,EP,PN,F,PX
READ1, RPM,P1,PF,CK,POL,DI
READ!, DU,CL,HV,BV,SF,SML
READ1, WL,BK,Z7,BO,B1,B2
READT, B3,BS,HO0,HX,HY,HZ
READ1, HS,HT,HW,QQ,W,RF
READT, SC,YY,C,DW,SN,DB
READ1, CE,SH,SD,DT,SK,T1
READ1, RS,GC,GP,C1,CW,CP
READ1, EL,CM,CQ,BH,BP,HH
READ1, HF,SO,PL,PE,DR,RK
READ1, RML,WR,D1,WO,HD,DD
READ?, H,B,BN,SB,TB,RE
READ1, T3,PT,FE,RD,RT,T2
READ1, RR,SHL,WF,DNO
PRINT2,DNO

SS=SF* (CL-HV*BV)
HC=(DU-D1-2,0*HS)*0.5
ZY=0,7*HS

IF (HC-ZY) 33,33,5

QN=QQ/ (PX*PN)
TS=3,142*D1/QQ
IF(zZ-%.0)29,30,29"
TT=(0.667*HS+D1)*3,142/0Q
GO TO 31
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30
31

10

11

12

13

14

TT=((2.0*H0+BS)*0.66+DI)*3.1416/QQ\
IF(72-1.0)6,6,7
CC=(5.0*GC+BS)*TS/((5,0%GC+BS)*TS-BS*BS)
GO TO 8

QC=(L.4hL*GC+0.75*B0O)*TS
CC=QC/(QC-BO*RON)

CS=YY/(PN*QN)

TP=3.142%D | /PX
FS=SIN(1,571*SK/TP)*TP/(1,571%SK)
ZY=PX*PN

U=0.0

U=U+1.0

DM=U*ZY

IF(Q0-DM)11,10,9
DF=SIN(1.571/PN)/(QN*SIN(1.571/(PN*QN)))
GC TO 12
DF=SIN(1,571/PN)/(0Q0*SIN(1,571/(00*PN)))
CF=SIN(YY*1,571/(PN*QN))
EC=QQ*SC*CF*FS/C

IF(DT) 13,13, 14

AC=0, 78 5*DW*DW

GO TO 24

ZY=0.0

DA(1)=0.05

DA(2)=0.072

DA(3)=0,125

DA(L4)=0.165

DA(5)=0.225



DA(6)=0.438
DA(7)=0.688 -
DA(8)=1.5
DX(1)=0.000124
DX(2)=0.00021
DX(3)=0.00021
DX (4)=0.0008L4
DX(5)=0.00189
DX(6)=0.00189
DY(1)=0.000124
DY(2)=0.000124
DY(3)=0.00084
DY(L4)=0.00084
DY(5)=0,00189
DY (6)=0.00335
DY (7)=0.00754
DY(8)=0.03020
DZ{1)=0,000124
DZ(2)=0.000124
DZ(3)=0.000124
DZ(4)=0.00335
DZ(5)=0.00335
PZ (6)=0.00754
DZ(7)=0.0134
DZ(8)=0.0302
JA=0

JB=0

JC=0

JD=0



16

17
18

19
20
21
22
23
i
25

26

27
28

JA=JA+1
JB=JB+1

JC=.JC+1

JD=JD+1
IF(DT-DA(JA))17,17,16
IF(DW-0.188)18,18,19
CY=DX(JB-1)

CZ=DX(JB)

GO TO 22
IF(DW-0.75)20, 20, 21

CY=DY (JC-1)

CZ=DY(JC)

GO TO 22

CY=DZ (JD-1)

CZ=DZ(JD)
D=CY+(CZ-CY)*(DT-NA(JA=1))/(DA(JA)Y-DA(JA-1))
I1F(7Y)23,23,27

AC=DT *DW-D

IF(RT)25,25,26
AS=0,785*RD*RD

GO To 28

ZY=1,0

GO TO 15

AS=RT*RD-D

S=P1/(C*AC)
PUNCH1,VA,EE,EP,PN,F,PX
PUNCH1,RPM,P1,PF,CK,POL,DI
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PUNCH1,DU,CL.,SS,HC,SF,ON
PUNCH1,WL,BK,ZZ,80,B1,B2
PUNCH1,B3,BS,H0, HX, HY, , HZ
PUNCH1,HS , HT,HW, QQ, W,RF
PUNCH1,SC,YY,C,TS,SN,DB
PUNCH1,CE,SH,SD,TT,SK, T1
PUNCH1,RS,GC,GP,C1,CW,CP
PUNCH1,EL,CM,CQ,BH,BP,HH
PUNCH1,HF,SQ,PL,PE,DR,RK
PUNCH1,CC,WR,D1,W0,HD,DD
PUNCH1,H,B,BN,SB, TB,RE
PUNCH1,T3,PT,FE,RD,RT, T2
PUNCH1,RR, SNL,WF,CS, AS,FS
PUNCH1,TP,DF,CF,EC,AC,S
PAUSE '

END
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1
3

L3

s
L6

FORMAT(F12.5,F12.5,F12.5,F12.5,F12.5,F12.5)
FORMAT (9% F12,5,2X F12,5)
READ1, VA,EE,EP,PN,F,PX
READ1, RPM,P1,PF,CK,POL,DI
READ1, DU,CL,SS,HC,SF,QN
READ1, WL,BK,ZZ,80,B1,82
READ1, B3,BS,HO,HX,HY,HZ
READ1, HS,HT,HW,QQ,W,RF
READ1, SC,YY,C,TS,SN,DB
READ1, CE,5H,SD,TT,SK,T1
READ1, RS,GC,GP,CT,CW,CP
READ1, EL,CM,CQ,BH,BP,HH
READ1, HF,S0,PL,PE,DR,RK
READ1, CC,WR,D1,W0,HD,DD
READ1, H,B,BN,SB,TB,RE

READ!, T3,PT,FE,RD,RT,T2

READ1, RR,SNL,WF,CS,AS,FS

READ1, TP,DF,CF,EC,AC,S

GA=3, 142%D | *CL

AG=6,38*D1/(PX*GC*CC)

GE=CC*GC

IF(CT) Lh 43, 44
Cl=(0.649*LOG(PE)+1.359)*((GC/GP)**0,352)
IF(CW)4S, 45 46
CW=0,707*EE*C1*DF / (EP*PN)
TG=6000000.0*EE/ (CW*EC*RPM)
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L7

49

50

51
52
53

57
g8

59
60

61
62

104

BG=TG/GA

IF(CP)47,47,48

CP=(GC/GP)**0 L1*PE*(LOG(GC/TP)*.0378+1,.191)
FQmTG*CP/PX

IF (22-3.0)49,50,51

SM=TT-BS

GO TO 53

SM=TT-B2

GO TO 53

IF(Z2-4.0)50,52,49
SM=TT-BS*(0.554-0,.888+*H0/BS)
TE=TG/(QQ*SS*SM)
BXm=0,5*FQ/(HC*SS)

IF(EL) 5L,5k,62

IF(RF) 55,55,61

IF (PX-2.0) 56,56,57

u=1.3

GO TO 60

iF (Px-k.0) 58,58,59

U=l,5

GO TO 60

U=1,7

EL=3. 142*U*YY*(D1+HS)/QQ+0.5
GO TO 62

EL=2,0*CE+(3. 142%(0.5*HX+DB) )+(YY*TS*TS/(SQRT (TS*TS-BS*BS)))
HM=CL+EL

RY=SC*QQ*HM/ (PN*AC*C*C)
RX=RS*0,000001



63

64

105
RB=(T1+234,5)*0,.00394*RX

RG=RX*RY

RP=RB*RY

AA=0, 584+ (SN*SN-1.0)*0,0625%(SD*CL / ( SHXHM) ) **2,0

AB=(SH*SC*F*AC/(BS*RB*1000000,0))**2.0

ET=AA*AB*0,00335+1.0 ‘

EB=ET-0.00168*AB ‘
|
|

IF(CM)63,63,64

AA=S IN(3 ., 142*PE)

AB=S IN( 1,57 1*PE)*k,0

CM=(3.142*PE+AA) /AB

A=P | *SC*CF / (C*TS)
PRINT3,SS,CC,HC,GA, TS, AG, TT,GE,FS,C1,DF,CW, CF, CP, EC, EL, AC, CM
PUNCH1, VA, EE,EP,PN,F,PX

PUNCH1,RPM,P1,PF,CK,POL,DI

PUNCH1,DU, CL,SS, HC, SF, QN

PUNCH1,WL,BK,ZZ,B0,B1,B2

PUNCH1,B3,BS, HO, HX, HY , HZ .
PUNCH1, HS , HT ,HW, QQ, W, GE |
PUNCH1,SC,YY,C,TS,BG, TG

PUNCH1,FQ, TE,BX, TT,HM, SM

PUNCH1,RG,GC,RP,C1,CW, CP

PUNCH1, EL, CM,CQ, BH, BP, HH

PUNCH1, HF, SQ, PL, PE, DR, RK

PUNCH1,CC,WR,D1, W0, HD,DD

PUNCH1,H,B,BN,SB, T8, RE

PUNCH1,T3,PT,FE,RD,RT, T2

PUNCHT,RR, SNL,WF, CS, AS, ET



PUNCH1,TP,DF ,CF,EB,AC,S
PUNCH1,AG, A

PAUSE

END
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1 FORMAT(F12.5,F12.5,F12,5,F12.5,F12,5,F12,5)
3 FORMAT(9X F12,5,2X F12.5)
READ1, VA,EE,EP,PN,F,PX

READ1, RPM,PI,PF,CK,POL,DI
READ1, DU,CL,SS,HC,SF,QN
READ1, WL,BK,ZZ,80,81,B2
READ1, B3,BS,HO0,HX,HY,HZ
READ1, HS,HT,HW,QQ,W,GE
READ1, SC,YY,C,TS,BG,TG
READ!, FQ,TE,BX,TT,HM,SM
READ1, RG,GC,RP,C1,CW,CP
READ!, EL,CM,CQ,BH,BP,HH
READ1, HF,SQ,PL,PE,DR,RK
READT, CC,WR,D1,W0,HD,DD
READ!, H,B,BN,SB,TB,RE
READY, T73,PTV,FE,RD,RT,T2
READ1, RR,SNL,WF,CS,AS,ET

- . READ1, TP,DF,CF,EB,AC,S
‘READI, AG, A
IF(CQ)69,69,70

69 AA=1,571*pPE
AB=3, 1416*PE
CQ=(0.5*COS(AA)+AB-SIN(AB))/(L4.,0*SIN(AA))

70 XR=,0707*A*DF /(C1*BG)
IF(PN-2,0)71,71,72

71 FF=YY/(PN*QN)
GO TO 75

72 IF(Z2z-5.0) 74,73,74
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- 73 FF=1,0
. GO TO 75

74 FF=0,25%(3.0*YY/(PN*QN)+1.0)

75 CX=FF /(CF*CF*DF *DF )
Z=CX*20,0/(PN*QN)
BT=3,142*D1/QQ-B0
ZA=BT*BT/ (16 ,0*TS*GC)
ZB=0,35*BT /TS
2C=H0/BO
ZD=HX*0.333/8S
ZE=HY/BS |
IF(zz-2,0) 76,77,78

76 PC=Z*(ZE+ZD+ZA+ZB)
GO TO 82

77 PC=Z*(ZC+(2.0*HT/(BO+BS))+(HW/BS)+ZD+ZA+ZB)
G0 TO 82

78 \F(Zz-k,0) 79,80,81

79 PC=Z*(ZC+(2.0%HT/(BO+B1))+(2.0%HW/(B1+B2))+(HX*0.333/B82)+ZA+ZB)
GO TO 82

80 PCm=Z*(ZC+0.62)
GO TO 82

81 PC=Z*(ZE+ZD+(0.5*GC/TS)+(0.25*TS/GC)+0.6)

82 EK=EL/(10.0%*(0,103*YY*TS+0,402))
IF(D1-8.0) 83,83,84

83 EK=SQRT(EK)

84 ZF=,612*L0G(10.0%CS)
EWe=6, 2B¥EK*ZF* (TP**(0,62~(0,228*L0G(ZF)))) /(CL*DF*DF)
IF (PN-3.0)85,86,86

85 ZC=0,1*DI1*SIN(3.0*YY/(PN*QN))*1,57/(PX*GE*CF)



86
87

88

89
90

GO TO 87

2C=0.0
XL=(PC+EW+ZC)*XR
XD=XR*AG*C1*CM
XQ=XR*CQ*AG
WC=0,321*SC*QQ*AC*HM
ZA=3_1416>(DI+HS) /00
IF(zz-3.0) 88,89,88
TM=ZA-BS

GO TO 90

TM=ZA-(B1+(1.0-0.5/(1.0~(HO+HT)/HS))*(B3-B1))
PRINT3,S,CQ,HM,A,RG, XR,RP, XL, ET, XD, EB, XQ

PUNCH1,VA, EE,EP,PN,F,PX
PUNCHI,RPM,FI,PF,CK,POL,DI
PUNCH1,DU, CL,SS,HC,PC, QN
PUNCH1,WL,BK,ZZ,B0, XD, X0
PUNCQ!,XR,BS,XL,HX,HY,HZ
PUNCH1,HS,WC, AC,QQ,W, GE
PUNCH1,SC,YY,C,TS,BG, TG
PUNCH1,FQ, TE,BX,TT, EW, AG
PUNCH1,RG,GC,RP,C1,TP,CP
PUNCH1,DF,CM, CF,BH,BP, HH
PUNCH1,HF,SQ,PL,EB,DR,RK
PUNCH1,CC,WR,D1,WO0, HD, DD
PUNCH1,H,B,BN,SB,TB,RE
PUNCH1,T3,PT,FE,RD,RT,T2
PUNCH1,RR, SNL,WF,CS, AS,ET
PUNCH1,TM

PAUSE

Famm
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1 FORMAT(F12.5,F12,.5,F12,5,F12,5,F12.5,F12.5)

3 FORMAT(9X F12,5,2X F12,5)
READ1, VA,EE,EP,PN,F,PX
READ1, RPM,PI,PF,CK,POL,DI
READ1, DU,CL,SS,HC,PC,QN
READ1, WL,BK,ZZ,B0,XD,XQ
READ1, XR,BS,XL,HX,HY,HZ
READ1, HS,WC,AC,QQ,W,GE
READ1, SC,YY,C,TS,BG,TG
READ1, FQ,TE,BX,TT,EW,AG
READ1, RG,GC,RP,C1,TP,CP
READ1, DF,CM,CF,BH,BP,HH
READ1, HF,SQ,PL,EB,DR,RK
READ1, CC,WR,D1,W0,HD,DD
READ1, M,B,BN,SB,TB,RE
READ1, T3,PT,FE,RD,RT,T2
READT, RR,SNL,WF,CS,AS,ET
READ1, TM
W= (TM*QQ*SS*HS+(DU-HC ) *3 . 142*HC*SS ) %0, 283
AN=0.0

100 AN=AN+0.005
AL=COS (AN)
IF (PF-AL) 100,100,101
101 VR=0,262*%DR*RPM

AP=BP*SQ*RK
SL=HF / ( (DR~2,0*HH-0 . 5*HF ) *3, 142/PX~BP)
ES=( (PL-CL)*2,0+HF+0.25*BP) /CL
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TL=(HH+GC-TP/18.,0)*2.0/ (TP~BH)
FH=BG*GE/0.00319
ZG=PT*PX*FE*0.000001/AS
FK=RR*ZG
FR=(T2+23h.5)*FK*0,00394
RC=0,32 1*PT*PX*FE*AS
RL=(1,5*TL+SL)*k,25+6,38*ES
XF=(1.0-C1/((1.273*RL/AG+2,0*CP)*CM) ) *XD
S1=(1.57 1*CP*AG+RL ) *PT*PT*PX*SQ*0 . 0000000 1
IF(DD) 103,103, 102

102 ZG=0,62
GO TO 104

103 2G=0.333*H/8B

104 BD=(HD/WO+2G+0.5)*6,.38
BE=(BH-(BN-1,0)*TB)*2,127/GE
P1=(BD+BE)*RL*COS ( (BN-1.0)*TB*1,572/TP) /(BD+BE+RL)
X1=XR*P 1
P2=(HD /WO+ZG+0 .5+GC/TB)*20,0*TB/TP
X2=XR*P2
XA=XL+XD
XB=XL+XQ
XUmXL+XF
XS=0,88*xu
IF(BN) 105,105, 106

105 XX=XS
XY=XB
GO TO 107

106 XX=XL+X1
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108

109
110
111

112

XY=XL+X2
XN= (XX+XY)*0.5

TC=S1/FR

RA=PN*P | *P | *RP*0,001/VA
TA=XN/ (628 ,4L*F*RA)

T5=XS*TC/XA

IF (F-60.0) 108, 108, 109

Th=0,035

GO TO 110

Th=0,005

IF(WF) 111,111,112

WF=DR**2 5% (RPM**1,5)*PL*0,00000252

WQ= (DU-HC ) %1, b2*HC*SS* (BX/BK) **2, 0%WL

WT= (TT=BS)*QQ*SS*HS*0, 453 (TE /BK) **2, 0*WL
PRINT3,PC, XA, EW, XB,WC, XF,W1,S1,TP, X1, AP, X2,ES, XU, TL, XS, SL, XX, AS, X
PRINT3, FK, XN

PUNCH1,VA,EE,EP,PN,F, PX
PUNCH1,RPM,P1,PF,CK,POL,DI
PUNCH1,DU, CL, SS, HC, PC, ON
PUNCH1, WL, BK, ZZ, BO, XD, XQ
PUNCH1, XR, BS, TL,HX, HY, HZ
PUNCH1,HS, ES, AC,QQ, W, GE
PUNCH1,SC,YY,C,TS,BG,TG
PUNCH1,FQ, TE,BX, TT, EW, AG
PUNCH1,RG,GC,RP,C1,AP,P2
PUNCH1,DF,SL, CF,FH, BP,HH
PUNCH1,HF, SQ,PL, EB, DR, RK
PUNCH1,CC,WR,D1,WO0, TC,DD
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PUNCH1,H,B,BN,SB, TB,RE
PUNCH1,T3,PT,VR,RD,RT,WT
PUNCH1,WQ, SNL., WF,CS, AS,ET
PUNCH1,FK,FR, XA, XB,T5, Tk
PUNCH1, AN, AL,RC, TA,HD
PAUSE

END
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114

t FORMAT(F12,5,F12,5,F12,5,F12,5,F12,5,F12.5)
3 FORMAT(9X F12,5,2X F12.5)

READT, VA,EE,EP,PN,F,PX
READ1, RPM,PI,PF,CK,POL,DI
READ, DU,CL,SS,HC,PC,QN
READ1, WL,BK,ZZ,B0,XD,XQ
READ1, XR,BS,TL,HX,HY,HZ
READ1, HS,ES,AC,QQ,W,GE
READ1, SC,YY,C,TS,BG, TG
READ1, FQ,TE,BX,TT,EW,AG
READ1, RG,GC,RP,C1,AP,P2
READ1, DF,SL,CF,FH,BP,HH
READ1, HF,SQ,PL,EB,DR,RK
READ1, CC,WR,D1,W0,TC,DD
READ1, H,B,BN,SB,TB,RE
READ1, T3,PT,VR,RD,RT,WT
READ1, WQ,SNL,WF,CS,AS,ET
READ1, FK,FR,XA,XB,T5,Tk
READ1, AN,AL,RC,TA,HD
GT=BS/GC
IF(GT-3.75) 113,114,114

113 AA=10.0**0.178/((GT-1,0)**0,334)
GO TO 115

114 AA=10,0**0.11/((GT-1,0)**0, 174)

115 GF=AA*P |*SC/(C*FH)
IF(SC~1,0)120, 121,122

120 A5=0,0



121

122

123

124
125

126

127

128

129

130

131

132

133

134
135

GO TO 129

AX=1.0

AY=1.0

GO TO 125

AX=3,0%YY/(PN*QN)~2,0
IF(CS-0.667) 123,12k, 124
AY=1,5%YY/(PN*QN)—0.25

GO TO 125
AY=,75*YY/(PN*QN)+0.25
A3=AX*P2/AY |
Al=0,07*AX*AG/ (CF*CF)

IF(AX) 120,120, 126

IF(BN) 127,127,128

AS=Ab

GO TO 129

AS=(AL+A3) /(A3 *AL)
IF(W)130,130,131

X0=0.0

GO TO 132

AA=(3 ,0*HZ+HX)*1,667/( PN*QN*CF *CF*DF *DF *BS)
XO=( (PC+A5)*AX/AY+AA4+0 . 2*EW) *XR
D2=BG**2,5%0,000061
D3=(0.0167*Q0*RPM)**1,65%0,000015147
IF(7S-0.9) 133,133,134
DL=TS**1,285%0,81

GO TO 137

IF(TS-2,0) 135,135,136
DU=TS**1,145%0,79
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GO TO 137

136 D4=TS**0,79*0,92

137 D7=BO/GC
IF(D7-1.7) 138,138,139

138 D5=D7**2,31%0.3
GO TO 1hk

139 IF(D7-3.0) 140,140,141

140 D5=D7**2,0%0,35
GO TO b ’

141 1F(D7-5.0) 142,142,143

142 D5=D7**1 L*0,625
GO TO 1hk

143 D5=D7**0,965*1,38

144 D6=10,0**(0,932%C1-1,606)
BA=3, 142*D | *CL
WN=D 1 *D2*D3*DL*D5*D6*BA
UY=(SL+ES+TL)*S0*0.00638
AA=WO/(GC*CC)
IF(AA~0.65) 145, 145,146

145 VT=L0G(10.0*%AA)*(-0,242)+0.59
GO TO 147

146 VT=0,327-(AA*0,266)

147 UZ=(DU-HC)*0.7850/PX
EZ=(ET+EB)*0.5-1.0
AA=PN*P | *P |
PU=AA*RG
PV=AA*RP
VV=EE*P|*PF*1,732



FSC=XA*FH*0,01

PRINT3,FR, X0,RC,TG,%R,FQ,VR,BG,TC, TE, TA,BX
PUNCH1,VA, EE,EP,PN,F,PX
PUNCH1T,RPM,P1,PF,CK,POL,TB
PUNCH1, B0, GC,HH, HF ,SQ,DR
PUNCH1,SB,RE,T3,PT,T5,Th
PUNCH1,W0,DD,H,BN,GF ,VT
PUNCH1,SNL, TS, CC,BG, FK, AP
PUNCH1,FQ, TE,BX,FR, XD, FH
PUNCH1,WQ,WT, AN, AL, XA, WF
PUNCH1, AS,HS,B,GE,BP, XB
PUNCH1,WN,UY,UZ,EZ,PU,VV
PUNCH1,FSC, PV, HD

PAUSE

END
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DIMENSION FY(5),PA(5),ED(5),6X(5),G2(5),GL(5),5D(5),FX(5),FR(5)
DIMENSION FI(5),EF(5),CD(5),0(4),R(58) :
FORMAT(FIZ.S,FIZ.S.FIZ.S,F12.5,F12.5,F12.5)

3 FORMAT(9X F12,5,2X F12,5)

FORMAT (F11.3,8X F11.3,F11,3,F11,3,F11,3)
READ1, VA,EE,EP,PN,F,PX

READ1, RPM,PI,PF,CK,POL,TR

READ1, BO,GC,HH,HF,S0,DR

READ1, SB,RE,T3,PT,T5,Th

READ1, WO,DD,H,BN,GF,VT

READ1, SNL,TS,CC,BG,FK,AP

READY, FQ,TE,BX,FR,XD,FH

READ1, WQ,WT,AN,AL,XA,WF

READ1, AS,HS,B,GE,BP,XB

READ1T, WN,UY,UZ,EZ,PU,VV

READ1, FSC,PV,HD

READT, R(1),R(2),R(3),R(4),R(5),R(6)
READ1, R(7),R(8),R(9),R(10),R(11),R(12)
READT, R(13),R(14),R(15),R(16),R(17),R(18)
READT, R(19),R(20),R(21),R(22),R(23),R(2k)
READ1, R(25),R(26),R(27),R(28),R(29)
READ1, R(30),R(31),R(32),R(33),R(34),R(35)
READ1, R(36),R(37),R(38),R(39),R(40),R(L1)
READT, R(L42),R(L3),R(L4l),R(L5),R(46),R(L47)
READ1, R(LE),R(49),R(50),R(51),R(52),R(53)
READ1, R(54),R(55),R(56),R(57),R(58)

GO TO 199 '



200
202

203
204

129

206

208

210

V0=0.0

RM=R (L)

L=L+1

RN=R (L)

VL=VQ+5.0

IF(VL-BF) 203,203,204
VO=VL

GO TO 202
0(J)=(RN~-RM)*(BF-VQ)/5.0+RM
GO TO (208,209,210,214),J
L=1

J=1

BF=BYX

GO TO 206

AT=UZ*(J)

L=1 |

J=2

BF=TE

GO TO 200

FT=Q(J)*HS

SA=FT+AT
UX=(SA+FH) =YY

TF=F N+UX

PD=TF /AP

J=3

L=30

BF=PD

GO TO 200
FA=(HF +HH) *0(J)
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FN=SA+FA+FH
SCR=FN/FSC |
PRINT3,T5,FT,T4,AT,FSC,FH

221 FORMAT(9X F12,5/)
PRINT221,SCR
YL=0.000001
FW=FK
M1

211 Y=100.0/YL
FY(M)=ATAN((BX/Y+SIN(AN))/AL)
PA(M)=FY(M)-AN
ED(M)=XA*S IN(FY (M) ) /Y+COS (PA(M))
GX(M)=(ED(M)-(0.93*XD*SIN(FY(M))/Y))*FQ
IF(PF-0.95)213,213,212

212 GX(M)=GX(M)*CK

213 GZ(M)=((1.0+COS(AN))*FT+AT+(FH*ED(M)))*UX/(FH+SA)
GL(M)=Gx(M)+Gz(M)
FD(M)=GL (M) /AP
J=lb
L=30
BF=FD (M)
GO TO 200

214 FX(M)=(HF+HH)*Q(J)
FB(M)=(1.0+COS(PF))*FT+AT+FX(M)+ED (M) *FH
Fi(M)=FB(M)/PT
EF (M)=F | (M)*Fw
CD(M)=F I (M) /AS
Me=M+ 1
IF(M=3) 215,216,217
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215 YL=1.0
FW=FR
GO TO 211

216 YL=1,5
GO TO 211

217 IF (M-5) 218,219,220

218 YL=2,0
GO TO 211

219 YL=POL
GO TO 211

220 PRINTA, GZ(1),GZ(2),6Z(3),6Z(4),6Z(5)
PRINTh,GL(!),GL(Z),GL(3),GL(4),GL(5)
PRINTL,FD(1),FD(2),FD(3),FD(4),FD(5)
PRINTA,FX(1),FX(2),FX(3),FX(4),FX(5)
PRINTL,FB(1),FB(2),FB(3),FB(4),FB(5)
PRINTA,F1(1),F1(2),F1(3),FI(4),FI(5)
PRINTL,CD(1),CD(2),CD(3),CD(4),cD(5)
PRINTL,EF(1),EF(2),EF(3),EF(4),EF(5)
PUNCHI,FI(1),F1(2),F1(3),F1(4),FI(5)
PUNCHI,EP,PN;F,PX,WQ,WT
PUNCH1,B0,GC,HH, HF , POL, TB
PUNCH1, SB,RE, T3,HS,FK,FR
PUNCH1,W0,DD,H, BN,GF, VT
PUNCH1,SNL, TS, CC,BG,AP,B
PUNCH1,FQ, TE,BX,FH, XA, WF
PUNCH1,WN,UY,UZ,EZ,PU,VV
PUNCH1,PV,HD
PAUSE
END



DIMENSION PR(S).Fl(S).PS(S).G(S),DL(S).PP(S).EX(S).ST(S).VA(S)

DIMENSION P(5),E(5),PM(5),SP(5)

1 FORMAT(F12,5,F12.5,F12,5,F12,5,F12.5,F12.5)

150
151

152

153

160

161
162

FORMAT (F11.3,8X F11,3,F11,3,F11,3,F11.3)
READT, FI(1),F1(2),FI1(3),Fi(k),FI(5)
READY, EP,PN,F,PX,WQ,WT

READ1, BO,GC,HH,HF,POL,TB
READT, SB,RE,T3,HS,FK,FR
READ1, WO,DD,H,BN,GF,VT

READ1, SNL,TS,CC,BG,AP,B
READ1, FQ,TE,BX,FH,XA,WF
REAoi, WN, UY, UZ,EZ,PU, VV
READ1, PV,HD

FS1=2,0*GC*PN*F

rsz=2.o%FSI

M=0

IF(M-1)151,152,178
RM=RE*0,000001

GO TO 153
RM=RE*(T3+234,5)*0,00000000396
AA=(FS1/RM)**0,5*DD*0,32
AB=(FS2/RM)**0,5%DD*0,32

IF (AA-2,5) 160,160, 161
V1=1.0-0.15%AA+0, 3 *AA*AA

GO TO 162

Vi=AA

IF(AB-2,5) 163,163, 164
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163
164

165
166

167

168
169

170
171
172
173

174
175

V2=1,0-0.15%AB+0.3*AB*AB

GO TO 165

V2=A8

IF(H-B) 167,166,167

VC=0.75/V1

GO TO 169

IF(DD) 166,168, 166
VC=H/(3.0%B*V1)

VS=HD/WO+VT+VC

VG=TB/(CC*GC)
Q1=1.0-(1.0/(((B0*0.5/GC)**2,0+1,0)**0,5))
QZ=B0/TS

Q2=1.05*S IN(0Z*2,84k)
IF(Qz-0.37)170, 170, 171

Q3=0.46 |

GO TO 172
Q3=0.23%S IN(10, 46%0Z~2. 1)+0.23
Ql=S IN(6.283*TB/TS~1.571)+1.0
Q5=S IN(12.566*TB/TS~1.571)+1.0
IF(DD) 17&;17u;173

AB=0, 785*DD*DD

GO TO 175

AB=H*B

W2=PX*BN*SB*RM*1, 246 /AB
W3=(Q2/(2.0%VS+(VG/Qlt)) ) **2,0*V1]
W5=(Q3/(2.0*%VS+(VG/Q5)))**2,0%V2
WD=(TS*BG*Q1%CC)*¥2, 0*W2* (W3+W5)
M=M+1
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176
177
178

179
181

182

183

IF(M-1)176,176,177
WU=WD

GO TO 150

UA=0.0

M=1
IF(M-1)181,181, 182
PW=PU

FW=FK

WW=WU

GO TO 183

PW=PV

FW=FR

WW=WD
PR(M)=F I (M)*F | (M) *FW
PS(M)=PW*UAXUA
G(M)=(GF*UA)**2,0+1.0
DL (M)=G (M) *ww

PP (M)=G (M) *WN

'EX(M)=EZ*PS(M)

ST(M)=(2.0%(0.0027*XA*UA) **1,84+1,0) *WT

SP(M)=PP (M)+DL (M)+PR (M)+PS (M) +EX(M)+ST (M) +WF+WQ
VA(M)=VV*UA

P(M)=SP (M)+VA(M)

PM(M)=(SP(M)/P(M))*100.0

E(M)=100,0-PM(M)

Me=14M

IF(M-3) 184,185, 186
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84 UA=1.0

185

186
187

-
oo
o

189

190

191

GO TO 17
UA=1,5
GO TO 18
IF(M=5)1
UA=2.0
GO TO 18
UA=POL
GO TO 18
PRINTL,
PRINTL,
PRINTA,
PRINTL,
PRINTL,
PRINTL,
PRINTL,
PRINTL,
PRINTA,
PRINTL,
PRINTL,
PRINTL,P
PRINTL,
IF(SNL)1
PUNCH1,F
PUNCH1, A
PAUSE
END

9

3
87,188, 189

3

3
PR(1),PR(2),PR(3),PR(}4),PR(5)
WF , WF , WF , WF , WF

ST(1),5T(2),ST(3),ST(4),ST(5)
WQ, WQ, WQ, WQ, WQ

PP(1),PP(2),PP(3),PP(L),PP(5)
DL(1),DL(2),DL(3),DL(4),DL(5)
PS(1),PS(2),PS(3),PS(4),PS(5)

EX(1),EX(2),EX(3),EX{4),EX(5)

'SP(1),SP(2),SP(3),SP(L4),SP(5)

VA(1),VA(2),VA(3),VA(L),VA(5)
P(1),P(2),P(3),P(4),P(5)
M(1),PM(2),PM(3),PM(L),PM(5)
E(1),E(2),E(3),E(4),E(5)
91,191,190

H,TE,BX,UZ,UY,FQ

P,HF ,HH,HS,EP



228

229
230
231

232

233

DIMENSION Q(3),R(58)

FORMAT (F12,5,F12,5,F12,5,F12,5,F12.5,F12,5)
READ1, FH,TE,BX,UZ,UY,FQ

READ1, AP,HF,HH,HS EP

READ1, R(1),R(2),R(3),R(k),R(5),R(6)
READT, R(7),R(8),R(9),R(10),R(11),R(12)
READY, R(13),R({14),R(15),R(16),R(17),R(18)
READ1, R(19),R(20),R(21),R(22),R(23),R(24)
READ1, R(25),R(26),R(27),R(28),R(29)
READ1, R(30),R(31),R(32),R(33),R(34),R(35)
READ1, R(36),R(37),R(38),R(39),R(40),R(L1)
READ1, R(42),R(43),R(4k4),R(45),R(46),R(L7)
READ1, R(48),R(49),R(50),R(51),R(52),R(53)
READ1, R(54),R(55),R(56),R(57),R(58)

GO TO 234

IF (BF-140,0)230,230,229
|F(J-i)239,2h|,2h3

VQ=0.0

RM=R (L)

L=L+1

VL=VQ+5.0

RN=R (L)

IF(VL-BF)232,232,233

VQ=VL

GO TO 231

Q(J)=(RN-RM)*(BF-VQ)/5.04RM

GO TO (236,237,238),4



234 yB=0,7

235

236

237

238

246

UB=UB+0., 1
V=1,732*EP*UB
FG=FH*UB
TD=TE*UB
BC=BX*UB

BF=BC
GO TO 228

AT=UZ*Q(J)

L=1

J=2

BF=TD

GO TO 228

FT=Q(J)*HS

SA=FT+AT

UX=(FG+SA) *UY

TF=F Q*UB+UX

PD=TF /AP

J=3

L=30

BF=PD

GO TO 228

FA=(HF +HH) *Q(J)

FN=SA+F A
FORMAT(F12.5,F12,5,F12,5,F12,5,F12,5,F12.5//)
PRINT1,V,FG,TD,FT,BC, AT
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239
240

2441
242

243
2Lk
245

PRINT246,SA,UX,TF,PD,FA,FN
IF(UB-1,6) 235,245, 245

PRINT 240

FORMAT (23H CORE DENSITY SATURATED)
GO TO 2k5

PRINT 242

FORMAT(24H TOOTH DENSITY SATURATED)
GO TO 25

PRINT 2k

FORMAT (23H POLE DENSITY SATURATED)
PAUSE

END

s
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TWO COIL LUNDELL
(BECKY-ROBINSON TYPE)
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60 KVA
TWO COIL LUNDELL
(BECKY-ROBINSON TYPE)
ROTOR
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LUNDELL GENERATOR
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‘Designed By

SALIENT POLE SYNCHRONOUS DESIGN SHEET
STATOR ROTOR
Punching I.D. Single Gap ge
Punching 0.D. Rotor Diameter
Core Length Peripheral Speed
DBS x 2 Pole Pitch o
Slots Pole Area
Size Slots . & @5
-Casrter Coeff, & 7 SATURATION
Type Wdg. ’ @2 ,é.)
Throw d‘; R Air Gap A.T.
Skew & Dist. Fact. & —— Stator A.T.
Chord Fact. Grade Of 1100 mmeeeesmesnenuen) Pole A.T.
Cond. Per Slot No. Damper Bars No Load A.T.
Total Eff. Cond. Bar Size Rated Load A.T.
Cond, Sise Bar Pitch hj bJ Overload A.T.
Cond. Area Turns Per Pole Short Circ. A.T.
L Current Density o ] Cond. Size Short Circ., Ratio.
Wdg. Const. Ci Cond. Area LOSSES-EFEICIENCY
Total Flux Mean Turn
Gap Area  Rea. At_.° % Load
Qap Density Wt. Of Copper F&W
| Pole Const. ¥s, Of Iron Sta. Teeth
L Flux Per Pole o e % Load Sta. Core
Tooth Pitch Amps . Pole Face
Tooth Density Volts Damper I - i U
Core Density Aum/ln.zl Sta. I?R
| 8] on Field Leak. React. Eddy
1/2 Mean Turn Field Self Induct. [Rot, I%®_| |
| Res. Per Ph. At ° | Damp. Leak. XDd_____XDg.___| ¥ Losses
| Bddy Fact. Top. REACT.-TIME CONST, |[Retitfe—e
| Eddy Fact. Bottom Rtg.+Loss
| Demag. Fact.Cm__ Cq S8ynch. Xd Xq % Loss
| Amp._ Cond, Per In. Unsat. Trans. X Eff.
Relct;. Factor Sat. Trans. Stator Wntts/ln.2
‘Ct:nd. Perm. Subtrans. Xd Xq Rotor Watts/IrL.j_
End Perm. : Neg. Seauence
Leakage React. Zero Sequence s
Air Gap Perm. Open Circ. Time Con.
React. Of Arm. Xad Xaq Arm. Time Con.
Wt. Of Copper Trans. Time Con.
Wt. Of 1§ X1 JO—— Subtrans. Time Con.
E.w.0. Model No. Type Cooling
KVA % PF Volts Amps . Ph. ___ Cyc les RFPL!
_ Date



STATOR

PUNCHINGI. D. --(d) The inside dia:heter of the stator punchings.

PUNCHING O. D.--(D) The outside diameter of the stator punchings.

CORE LENGTH--({) The overall length of the stator iron. Also record
on this line the solid core length (Zg). The solid length is the over-
all length times the stacking factor (K;). The stacking factor allows
for the coating on the punchings, the burrs due to slotting, and the
deviations in flatness. Approximate values of K, are given in the

table below. :

THICKNESS OF

LAMINATIONS K

(INCHES) GAGE i

.014 29 0.92
.018 26 0.93
.025 24 0.95
.028 23 0.97
.063 -- 0.98
. 125 -- 0.99

If ventilating ducts are used their length must be subtracted from the
overall length also.

DEPTH BELOW SLOTS x 2--(2h c) The depth of the stator core below the
slots times 2.

2h, = D — (d+2hg)

Due to mechanical strength reasons h, should never be less than 70%
of hg.
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SIDTS-"-(Q) -The humber of stator slots. Write Q as a product of poles
(p) times phases (m) times slots per phase per pole (q). Thus pmq =
Q. In general fractions of q close to 1/3 and 2/3 should be avoided,
because these fractions are inclined toward producing force poles that
cause' excessive noise and vibration. In three phase machines frac-
tions of q with thirds or any multiple of three in the denominator
should be avoided because with these values a balanced winding can-
not be obtained.

SIZE SLOTS--(b s and hs) The width of the stator slot (b s) and the depth of
the stator slot (hs).

CARTER COEFFICIENT--(KS) The Carter coefficient for the stator slots.

_T5(Ge+by)

'["s(5g+b s) -bs

" ) (for open slots)

. Ty (4. 44g+. 75bo)
8 2
T:?.(4' 44g+. 75b0) —b0

TYPE WINDING-- Record whether star or delta (Y orA ), and whether se-
ries or parallel.

THROW--(y) The coil span in sbts. Record the percent span (y/mq) and
designate the slots in which the coil is placed (1+y).
SKEW AND DISTRIBUTION FACTORS--(Ksk and Kd) The skew factor (K sk)

is the ratio of the voltage induced in the coils to the voltage that
sould be induced if there was no skew.



OR. Kol = Tek T
T

The distribution factor (K d) is the ratio of the voltage induced in the

coils to the voltage that would be induced if the winding was concen-
trated in a single slot

. ‘sin(qoc s/2)
d q sin\':cs/2

(for integral slot m}‘achines)

sin(NOo( m/2)
K 4 -~ Nam m/E (for fractional slot machines)

See table 2 for a compilation of distribu-
tion factors for the various harmonics. See "Grouping of Fractional
Slot Windings" and "Distribution Factor' sections of the APPENDIX‘

for an explanation of K d for fractional slot machines.

CHORD FAC‘TOR--(K p) The ratio of the voltage induced in the coil to the
voltage that would be induced in a full pitched coil.

_ Y o
K -sm(mx%)

See Table 1 ~ for a compilation of the
pitch factors for the various harmonics.

N



CONDUCTORS PER SLOT--(ng) The actual number of conductors per slot.
For random wound slots use a space factor of 80% to 85% when deter-
mining the permissable number. '

TOTAL EFFECTIVE CONDUCTORS--(ne) The actual number of effective

series conductors in the stator winding taking into account the chord
and skew factors but not allowing for the distribution factor.

Q!Klisk

n-——s—g——
e

CONDUCTOR SIZE-- Record the number of strands making up each conduc-
tor and their bare and insulated sizes. Indicate also the type of strand
insulation.

CONDUCTOR AREA--(ac) The actual area of the conductor taking into ac-

count the corner radius on square and rectangular wire. See the fol-
lowing table for typical values of corner radii.

135

a, = (width of cond.)x(thickness of cond.) - . 858rc2
Corner Radii
Width Corner | . 858rc2
Thickness | 551 ¢ up | .187-.750| Up to. 188
1/64 | .00021
.689 & up 3/16 3/16 -- 1/32 | .00084
.688 - .439 | 1/8 3/382 -- 3/64 | .00189
.438 - .226 | 3/32 1/16 -~ 1/16 | .00335
.225-.166 | 1/16 3/64 3/64 3/32 | .00754
.165 - .126 | 1/16 1/32 1/32 1/8 | .0134
.125 - .073 | Rounded | 1/32 1/64 3/16 | .0302
edge
.072 - .051 | Rounded | Rounded 1/64
edge edge
.050 & under| Rounded | Rounded | Rounded



136

Square wire .072 and under has a radius of .012. A rounded edge is
produced by rolling round wire to the specified size.

CURRENT DENSITY--(s) The amperes per square inch of conductor.

b
8 =
Cac
WINDING CONSTANT--(CW) The ratio of the RMS line voltage for a full
pitched winding to that which would be introduced in all the conductors

in series if the density were uniform and equal to the maximum value.

EC,K
C T

w s =
ﬁEphm
Assuming K d= - 955, Cw = ,225 C1 for three phase delta machines

and (1'W = . 390C1 for three phase star ones. C1 is the ratio of the

maximum funda.inental of the field'form to the actual maximum of the
field form. For pole heads with more than one radius the ficld form

is determined from a flux plot of the air gap flux at no load, neglecting
saturation, and C1 is then obtained by Fourier analysis. For pole heads

with only one radius,C1 is obtained from curve #4. The graphical flux
plotting method of determining C, is explained in the section titled
"Derivations. "

TOTAL FLUX--(@,) The total flux that would exist in the gap if the density

was uniform and equal to the maximum gap density.

g, - S000E10°
T Ewnem
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 GAP AREA-- The area of the gap surface at the stator bore = ma€

GAP DENSITY--(Bg) The maximum flux density in the air gap.

B = zT_
& Ta¢
POLE CONSTANT--(CP) The ratio of the average to the maximum value of

the field form. For pole heads with more than one radius C o is calcu-

lated from the same field form that was used to determine C,, and this

1’
method is described in the second part of the manual. For pole heads
with only one radius Cp is obtained from curve #4. Note the correction

factor at the top of the curve.

FLUX PER POLE--(¢p) The total flux per pole.

o,
% =3

1
TOOTH PITCH--(‘I; and "rs-g- ) The stator slot pitch on the inside stator bore,
and the stator slot pitch at a distance a third of the way up the tooth.
7rd md+2 n )
T = T1/3 =
5 Q s T Q
TOOTH DENSITY--(Bt) The flux density in the stator tooth at 1/3 of the
distance from the minimum section.
¢T

B =
Qe by /g

t

where b, ; ;3 = Tg1/3 - bg
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'CORE DENSITY--(B ) The flux density in the stator core, without adding
the stator to rotor leakage flux,

%

B, =557 )
c 2hc€s

GRADE OF IRON-- Alloy identification and lamination thickness of stator .
iron.

1/2 MEAN TURN--(et) The average length of one conductor.

€, =4+Lg

where LE = the end extension length

For random wound coils

Kt T y(d+h )
L,=.5+ S
E Q
where Kt = constant depending on the number of poles
Kt = 1.3 for 2 poles; 1.5 for 4 poles; and 1.7 for 6 poles and

up

For formed coils

LE = 2€82 +7’ T

, /
where d.D = diameter of bender pin T " /\
t

h,, = is obtained from the 5 h
€ diagram as shown l

€ €2 = straight part of the
coil extension beyond
the core

(hl * db> *+yh radhg
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Cag mea e

- RESISTANC E PER PHASE AT o--(R ;) The resistance per phase calcu-

lated at the expected coil temperature

I 1,9CR 000 . 235 + X°C Pnsqﬁ
PR o000Cm | 200 ma_C?
o -6 0o
where /o = resistivity at X"C = .91 x 107" 100°%

Rynop = resistance per 1000 ft. of conductor at 25°C
X°C = expected coil temperature in °c

EDDY FACTOR TOP-- The eddy factor of the top coil. Calculate this value
at the expected operating temperature of the machine.

2 2
: }EF'VI‘Yop = [584 +<—‘.6_1; ::gt) ,]m.o-l"' 35 5‘;:‘]

. 1.
where p " =p x 10°
' N;t = number of strands per conductor in depth

h st = distance between centerline of strands in depth

h

st height of uninsulated strand

EDDY FACTOR BOTTOM-- The eddy factor of the bottom coil at the ex-

pected operating temperature of the machine. Use same equation as
E. F. top except use .0833 in place of .584.

DEMAGNETIZING FAClTOR--(CM and C ) The ratio of the field ampere
turns to the maximum sine wave stator ampere turns required to force



.
BT e

the same fundamental flux across the gap The demagnetizing factor
in the direct axis is

c. =T +sin«]r

M . T
481117

and the cross magnetizing-factoxv' in the quadrature axis is

1/2cos L °C1r +C T -sinaCTr
C =
1 4sin9:-2-7’—'

The above factors can be read directly from curve #9 and calculation
by the above formulas is thus unnecessary.

AMPERE CONDUCTORS PER INCH--(A) The effective ampere conductors
per inch of stator periphery. This factor indicates the 'specific load-
ing" of the machine. Its value will increase with the rating and size
of the machine and also will increase with the number of poles. It

will decrease with increases in voltage or frequency. A is generally
~higher in single phase machines than in polyphase ones.
n K

_ bon%
te

REACTANCE FACTOR--(X) The reactance factor is the quantity by which
the specific permeance must be multiplied to give percent reactance
It is the percent reactance for unit specific permeance, or the per-
cent of normal voltage induced by a fundamental flux per pole per inch
numerically equal to the fundamental armature ampere turns at rated
current. Specific permeance is defined as the average flux per pole
per inch of core length produced by unit ampere turns per pole.

100AK 4

X ==
7’20113g
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CBNDUCTOR PERM EANGE--()\i) The specific permeance for the portion
of the stator current that is embedded in the iron. This permea.nce
depends upon the configuration of the siot.

(a) For open slots.

2 - .
_c _g_q§+f_:l_+ %, 3| b, = tooth width
M T “Xmg b, "3, " Tet gt X at gap

8

{(b) F or partiauy closed slots with constant slot width.

2
x = C .2_0 £Q+_211t_.+£¥ +h1 + bt +.35bt]
i X mq b0 b0+ bs bs 3bs 16tsg tS

(c) For partially closed slots with constant tooth width.

: 2
N 20 go_ +2ht . 2hw +_h_1_ . bt +'35bt
i} X mq b0 bo+ b1 b1+ b2 3b2 16tsg ts

-(d) For round slots.

(e) For open slots with a winding of one conductor per slot.

1
(& 2a)
X
>\ = C -22 _g.+_hl+ 6+_i+.!_:s_ ﬁpKz
1~ “Xmq|B, *%_ 2, T & -1

In all of the above formulas CX is a reduction factor that is dependent
upon the pitch and distribution of the winding.

CX = K—% where Kx (— + l)for 3 phase

KX =mq for 2 phase



Values of CX versus percent pitch for three phase :Windingé are lilotted o

on Graph #1. These values assume a distribution factor of . 955. See
Graph #1.

END WINDING PERMEANCE--( >‘E) The specific permeance for the end

extension portion of the stator v&inding.

6.28 L¢ELE
. f’?

~ (Obtain the value of ¢ELE from Graph #1

K_ = .. Calculated valve of Lg

i 1
E ~ Value of L from Graph 1 (for machines of d > 8")

KE=

‘v Calculated value of Lp

Value of L from Graph #1 (for machines of d < 8")

LEAKAGE REACTANCE--(X€) The leakage reactance of the stator for

steady state conditions
Xg =X(Xj+ Ap)

In the case of two phase machines a component due to belt leakage
must be included in the stator leakage reactance. This component is
due to the barmonics caused by the concentration of the MMF into a
small number of phase belts per pole and is negligible for three phase

machines.
.1d | sin EZ X 90°
Ap = -
B pge Kp

Xe =X(>\i+ ,\E+ ,\B) where/\B= 0 for 3 phase machines.



AIR GAP PERMEANCE--(\ o) The specific permeance of the air gap.

REACTANCE OF ARMATURE REACTION--(Xa d and Xa q) The "fictitudus
reactance" due to armature reaction. In the direct axis
xa.d . X aCICM
and in the quadrature axis
xaq =XC a Aa

WEIGHT OF COPPER-- The weight in 1bs. of the stator copper.
#=.321nQa ¢

WEIGHT OF IRON-- The weight in Ibs. of the stator iron.

#=.238 [bthe ghg + T (D-h )he es]
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ROTOR
SINGLE GAP--(g) The single air gap. Also record the effective air gap
(g) inch |

8 = ng

AUXILIARY GAP, OUTER--(gZ) inches

g9 = Obtain length from design layout

stv
72707 g c%, 7 Jh_ IRy s £
N\ /'//‘ »////////// A =
ly Pre— d —bie Inp e Le _,__41, ! T ?
L
()
3
N
@
3
- {
! -1 - '

dQ/
drs/2




AUXILIARY GAP, lNNER--(gs) inches

83 = Obtain length from design layout:

STEPPED GAP (g3)

TAPERED GAP (g3)

FORM #2

St

145

dsn/2
dos/2

Q
£s2 o
S \E:;

cheicly!

dt1/2

dto/2

ROTOR DIAMETER--(d r) The outside diameter of the rotor.

d =d-2g

PERIPHERAL SPEED--(Vr) The velocity of the rotor surface in feet per
minute.

Tr’dr RPM
Ve = —13—




POLE PITCH--(tp) The pole pitch measured at the inside diameter of the
stator. :

t =

md
P P

Also record the ratio of the pole arc to the pole pitch ().

bh = Average pole head width under
stator stack

8
il
o

For pole configuration below

o« = e tof m
2
«m = Per unit pole embrace (pole middle)

Per unit pole embrace (pole end)

«m tpr NP tpr = 7dr
«e tpr
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. NORTH POLE AREA--(ayp) The effective cross sectional area of the pole.

Values of Ki are obtained from chart in Stator Section.
For solid iron K1 = 1.0

e
]

/]

A B 777

SOUTH POLE AREA--(aSP) The effective cross sectional area of the south
pole at the entry edge of the stator.

agp = Pgp tsp
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GRADE OF IRON--Alloy of rotor irom and lamination thickness f laminations
are used.

TURNS PER COIL--(NC) The number of field turns per coil.

CONDUCTOR SIZE--The bare and insulated sizes of the field conductors.
Also indicate the type of insulation.

CONDUCTOR AR.EA--(ac r) The actual area of the conductor taking into
account the corner radius. See stator area of conductor for typical
corner radii values.



. The flux eircuit of the two-coil Lundell generator looks like this.

I"rotor F gap Fstator
S—VY V4 \ W_
F ———
COIL —_ l;‘rotor ‘F gap F stator
M— M M

The rotor flux circuit is:




[ 9

VIEW OF BOTH NORTH-POLE AND SOUTH-POLE FLUX CIRCUITS
SHOWING THE MMF DROPS IN THE TWO-COIL LUNDELL BRUSH-
LESS AC GENERATOR

l |
} - .'
-1 w uﬁ’#‘ﬂ ' ‘-\
L S --\_f\J’\/"4
W
T “-d |\.\:p\l¢“-““‘—‘—"’l
l $
=\ &
l
|
I




And for the entire machine, the flux circuit looks like this.

Fsk  Fsx F

MMM ML 7V —

colL —— 9%

NOTE:

Flux Circuit for 2-Coil Lundell A-C Generator

The machine could be represented by showing two identical flux cir-

cuits in the south pole, from and including FSP to and including Fy 4

Instead the calculations are adjusted to fit the single circuit.
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The leakage permeances in the flux circuit are:

POLE HEAD END LEAKAGE

pP. =« Area 3.19 (7f’tSP) (P)

1z £y

POLE HEAD SIDE LEAKAGE (Pz)

P = « Area - 3.19 ([NP"' l)tSP (P)
2 £ £2

POLE BODY END LEAKAGE (P3)

p = “Area _ 3-19 4, (hP_tSP)P
4 @ -d )7 ¢

POLE BODY SIDE LEAKAGE

151

3.191—(‘%‘ j(/p ~1)
P4___«airea= . T_J,c
(%‘ SP) AR IRE

For six poles and up.

_ 3. 19[;1 - tspkll’, + ZI)P
d - d_

3 " Yp

For four pole generators only.
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COIL LEAKAGE PERMEANCE TO A NORTH POLE (PS)

.4
p_ = Area 3.19 ) (ZG) 3 @P)

5 Z - Z,

Obtain ]c from layout.

1?5 = Total leakage permeance for path 5 on both ends of the rotor

COIL LEAKAGE PERMEANCE TO A SOUTH POLE (PG)
T
p = MArea _ 8.19 Z¢ x(dr - 2tSP) P (P)
6 L ls '

Total leakage permeance for path 6 on both ends of the rotor
d, - dos
b =\—7) -t

STATOR CORE TO ROTOR SKIRT, flux leakage permeance path (P7)

P = L Area

y L

h + Y4
¢ SK .2
Area = F(dr+ hc)j—— in
The leakage is from 1/2 the stator end surface on each side of the stator,
making the total leakage surface calculated above.

However - 1/2 of the leakage flux is useful and generates voltage in the
stator conductors. . So for tooth density, pole density and air-gap flux
calculations the leakage flux area is
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| h + /.
Area=%—7/'(dr+hc)L-2—£

- %Z’ @, +h) (b, + ZSK)

h

Length = 77—22 inches

=
#

e stator height from bore to back-iron surface, inches

_ 3.19 7 (d_ + hy) (b, + L)

7 7fhc 2
2

_3.19(d +h) (b + ISK)
~ 2h

c
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TWELVE (12) POLE ALTERNATOR

(%
Ly=\7 - SP) s‘“_[l‘r] e
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//’/ tsp |
~_
7P . H S/

e /2/ / " //\
2R T \
/ , \1\ \ \

\
d -d
ﬁ . os _
4= 3 "t

EIGHT (8) POLE ALTERNATOR
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<
SFe Feg Fsp Fo FreETH
—_ LEAKAGE FCORE
_— LEAKAGE @ 1 ¢2 ¢#3 ¢4 FLUX
FLUX
Fog

g3 Fy4 FNP Fg FTEETH




o 3.19b, (16) 3 (@P)

5
c
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FLUX
WA g M
Fys  Fgs Foa  Tnp g Frp



) { , :‘SP / L
;
/ |
/ I

161

FLUX LEAKAGE ACROSS FIELD COILS

Fgp F, F.
- LEAKAGE
6 FLUX

vd NP Fe Fr

319 f @ -2g) Tip)
6" Ze

3.19 4, x(d, - 2ts,) 7
= 56

Feore



Leakage Fluxes ¢5 and ¢6
(Leakage across the field coil De»
and through the field coil ¢5)

I——l N.P. Do — ~ 1
= | L AN

— t:;z f—— 7/ % ¢6v\/
_/%// \
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d POLE
oS !
L SHAFT

do g = diameter of outer shaft

Ayz area of yoke at smallest section

A}'2 = dos ty2

The leakage flux ¢5 and ¢6 add to the flux in
the yoke member Yo but of the two leakage
fluxes, only ¢5 adds to the flux crossing air

gap g;.



LEAKAGE FLUX FROM STATOR
BACK-IRON TO ROTOR SKIRT - PATH 7

-

-~ ZSK————-»

¢ ROTOR

3.19(d, + h) (b, + £gp)

7 2

he
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NO LOAD SATURATION

1.05 ¢T = Estimated total flux including flux leakage from
stator to rotor skirt - path 7.

1.05 ¢T

x = Estimated air gap density at no load.

g
1.05 ¢T
x = Estimated tooth density at no load.

T
1.05 ¢P
—3x — = Estimated core density

MMF drop through main air-gap = F g

. Bg from above est. ( Y g)
g ~3.19

MMF drop through teeth at tooth density est. above = FT

MMF drop through core at core density est. above

Total MMF drop across flux leakage path from stator core to

rotor skirt (Path 7) = Fg + FT + FC'

The drop across the south pole is negligible at no load and not
likely to be large at any load. For this reason it is ignored.

Leakage flux through leakage path seven. Leakage from stator

back-iron to rotor skirt = ¢7

)P

T C

¢7 = MMF, (P7) = (Fg+F +F ,

164
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Compare ¢7 with estimated value

Estimated ¢7 = ¢P (.05) P

¢7 - ¢P (.05) P
If ) = + .10 or less, proceed. If greater than . 10
7 i

repeat calculations using )

D, + P (¢T) 5
PO, A, e
@, + P{bp) ¢T 5
p@; A, e |
Obtain new ¢7

Calculate leakage fluxes 1, 2, 3, 4
Pole to pole léakage fluxes are
¢l! ¢2’ ¢3’ ¢4

¢1,2’3’4 = (21'-‘g + ZFT + FC) (P1 +Py+ Py + P4)

P14+ 9y
Pp+ —5—
BNP = AN = north-pole flux density
P
D14+ 9Py
%+ —p .
BSP = msp = south-pole (tube) flux density

FNP = MMF drop corresponding to BNP



166

FSP = MMF drop corresponding to BSP U

Flux density in auxiliary air-gap = B g2

5 _¢P+P+¢l_4+¢7
g2 =

g2

MMF drop across auxiliary air-gap = ng

B,

ng =37%
42

A= —J4 - Area Shatt (n?)

Flux density in shaft = By 4

B =¢P+P+¢1-4+¢7
y4 A

y4

Mllli'y4 = l“y4 = H£y4 where H is the AT/in. at By4 for shaft steel.

"

COIL

SHAFT




167

Flux density in 2nd auxiliary air gap = Bg3

o OpxP+fy 4+ 0,
g3 2Ag3

MMF drop across 2nd auxiliary air-gap = ng

B,
Fg3 = 3—%99 lg3

Leakage flux from north pole (spider pole) through the field coil = ¢)5

D5 (tirst calculation = [:ng +Fgp+ @F) +2F  + Fo + F Na Py

Calculate new MMF drop in NP

01.4+Bq+ 95
B _¢p* P

NP Anp
MMFyp = H,, Byp) Hy

O,xP+@, ,+0. +0
NewB . < P 1-4* 97+ 95

g3 Ag3

B
_ g3
New FgS - 3_%'9 lg3

Leakage flux across field coils from inner yoke to south-pole tube = ¢6

¢6 = [FSP + 2Fg + 2FT + Fc + FNP + Fgl + Fg3:] PG

Add ¢6 to flux in yoke and tube.
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Calculate flux density in the tube at the inboard edge of the auxiliary air
gap g, to be sure that the tube is not saturating at that point.

@, xP)+ @ @, +0
rinalp o PRI+ B, 4+ B+ 0

g2 Ag2
Final B , 7
. - g2 £g2
Final ng = 519
. _¢PxP+¢1_4+¢7+¢6+¢5
y2 2A°

y2

Ay2 = TTdos ty2 = Smallest section of the yoke as shown in
figure

Total ampere turns drop at no load is

Fyp +F . +F

gf21"‘g+F +F.+F +F +Fg2+Fy2+Fy3 g3

T "ct* NPt Fsp y4




REACTANCES AND TIME CONSTANTS

X . = The fictitious reactance due to armature reaction in
ad . .
the direct axis.

9n 1

t

e h[md

X =_Q__P§)_ x 100
ad P Fg+Fg2+Fg3

= The fictitious reactance due to armature reaction in

Xa
! the quadrature axis.

C X

q ad
X =T—x1w
aq m 1

SYNCHRONOUS REACTANCE--(X " and X q) The steady state short circuit
reactance. In the direct axis

'Xd = Xl +Xad
and in the quadrature axis

Xq = Xj+Xaq

When current is suddenly applied to a generator stator (a step load) there is
no flux linkage with the field winding during the first instant, and during that
first instant all flux due to the armature mmf is forced through the field coil

leakage paths.

The inductance of the field coil leakage paths in the direct axis is I, d'
and the reactance is

=omL

X d

d

t

Since X‘; includes stator leakage reactance, X 4 €an be written as

1 2

[}
X du = XF + X 4 = The unsaturated transient reacta.ncg.
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1

L]
X 4 1s usually considered to be about 88% to 90% of X Gy 2nd the
lower value is called the saturated transient reactance. It is
the value found by testing at rated voltage.
)
THE EFFECTIVE FIELD LEAKAGE REACTANCE (XF). The reactance
which added to the stator leakage reactance gives the transient reactance
X du’

TYFL. o

When unit fundamental armature ampere turns are suddenly applied on
the direct axis, an initial field current (If) will be induced. The value of
this initial field current will be just enough to make the net flux inter-
linking the field because of the field current and the armature current

zero. The field ampere turns will equal the armature ampere turns.

P g
X X = %
2
’F ,Zz\rrpe(ge-’)
ge
] 1
Xdu=xF+X£

' . ZFg+F‘g2+Fg3
8e e ?Fg

where Fg, ng, ng are calculated at rated load.
Fg = Ampere turns drop across single main air gap (ge)

F

g2 Ampere turns drop across the outer auxiliary gap (g2)

F

g3 Ampere turns drop across the inner auxiliary gap (g3)

@

_7g2 @ NL
Py = I N_@ NL

C
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UNSATURATED TRANSIENT REACTANCE --(X du) The transient reactance
due to the field winding assuming unsaturated conditions.

?

xdu =X4+XF

SATURATED TRANSIENT REACTANCE --(X) The transient reactance due
to the field winding assuming normally saturated conditions.

' 1

NUMBER OF DAMPER BARS -- (nb) The number of damper bars per pole.

BAR SIZE -- The size of the damper bars.

BAR PITCH -- (tb) The damper bar pitch. This is the distance between the
_centerlines of adjacent damper
bars. Also indicate the height
of the slot opening above the
damper bar (hbo) and the width
of this opening (b, ).

DAMPER LEAKAGE REACTANCE -- (de and X ) The leakage reactance

of the damper winding. In the direct axis the dimensions corresponding
to the end bar next to the pole tip are used.

For rectangular square damper bars
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. 33“‘” i hbl ',‘A+ 5>, .

b - Boo * By

Py 0y - 1)
Apt = 6:38 5 — e

04| eyeng b

oy, - DT *Apt) AF b1

A Dd l—cos{ _Aztp }_l/\b'”‘bt'*/‘F
bbl |_

Xpa = Xapg

In the quadrature axis the dimensions corresponding to the bar in the
center of the pole is used.

For rectangular square bars

_2Otb hbo_'_hbl 5 _g_]
ADa T T By, Ty T
Xpq * XApg

For round damper bars use the constant 0. 62 in place of b, / 3b, ; in
the above formulas.

SUBTRANSIENT REACTANCE -- (X; and X;) The subtransient reactance due
to the damper winding. In the direct axis

1"

Xd = le’de

and in the quadrature axis

X, = Xy +Xp
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NEGATIVE SEQUENCE REACTANCE -- (Xz) The reactance presented to
negative sequence currents in the stator of the generator.

When negative sequence currents are applied to the stator winding they
produce a backward rotating mmf traveling at synchronous speed with

respect to the stator and at twice synchronous speed with respect to the
rotor.

Currents of twice rated frequency are induced in the pole head winding
or in the solid pole head, keeping the flux linkages of the pole circuits
‘at almost zero value. The flux due to the armature current is forced

into the damper or pole head winding leakage paths. These paths are
the same as for the subtransient reactances.

L2 = Armature flux linkages per ampere when negative sequence
currents are flowing. This includes the stator leakage in-
ductance also.

1" 14}
X at X
x2 = ——-—2—1 or the average between the quadra-

ture and direct axis subtransient
reactances It is approxnnately
equaltox or tOXDd+xL

where

X;I')d = Direct axis damper leakage
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NEGATIVE SEQUENCE REACTANCE -- (Xz) The reactance presented to the

flux field which rotates at synchronous speed in a direction opposite to
that of the rotor.

X, [ 454452, o? |

X, = - +X
2 R ia(l+1) .
where % =§Q-
Xm
< =xad <2Fg+Fg2+Fg3>
m Clcm FNL

»4
I

20 lE’bo 5Xm |
= X| — (.62 + — + For round slots
D I:“nn (e bbo)] c;nb2

5
XD =X [‘2‘—3 <§:_b:% + %’j)]+ %g- For rectangular slots

K

RD = Damper resistance

APPROXIMATE CALCULATION OF NEGATIVE SEQUENCE IMPEDANCE
Ry +]j X, = Ty = Negative sequence impedance - %
2Ry,

R, = + R
2 ... .92
2 2La+%) 8



X =

177

X [4£+42 +nJ

+ X
n2:4(1 2) £

RD = damper resistance

Rp

N
it

g P

&N

=

100X , @ x 10%) o -637dy .
£4 nhabP 2gy E T:J
poles

resistivity of bar and end ring materials (. 692 x 10 -6 for
copper at 77 F)

frequency
stack length
active bar length

bar cross section (in. 2)
mean diameter of damper end ring

cross section of damper end ring

<2F + F g3>

XD/Xm

XD = X [—%‘g (62 + %)J + :—f:zl- For round slots

hbo 5X
[:20( fbbl bbo>:l + - n:'zl- For rectangular slots
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R = stator winding resistance - %

X/

stator leakage reactance - %

ZERO SEQUENCE REACTANCE -- (xo) The reactance drop across any one
phase (star connected) for unit current in each of the phases. The machine

must be star connected for otherwise no zero sequence current can flow
and the term then has no significance.

o 20 (h1 + 2h3)
X () + ) + +.2
° Ky Vit Bo 1zquzdebs )\EJ
Kxo
)‘Bo = KX A Dq
B

BWO * ? (-07 2)
for- machines w1th damper windings

Bo *Bwo
[
(*Bo) (*BWo)
and for machines without damper windings

ABo =

A 0 =/\BWo
and

= 3Y —1- i = '
K, <mq ' 4> for pitches of 66-2/3% to 100%

1
KX 2mq 4> for pitches of 33-1/3% to 66-2/3%
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for a one conductor per slot winding
Kxo = Kx = 1

OPEN CIRCUIT TIME CONSTANT -- (T do) The time constant of the field
winding with the stator open circuited and with negligible external re-
sistance and inductance in the field circuit.

!
T do = second

o

?
TRANSIENT TIME CONSTANT -- (T d) The time constant of the transient
reactance component of the alternating wave.

ARMATURE TIME CONSTANT -- (Ta) The time constant of the DC' component.

T = N (1 fra seconds

r = StatorlzRSKW)
a Ra KV

SUBTRANSIENT TIME CONSTANT -- (T d) The time constant of the sub-
transient component of the alternating wave. This value has been deter-
mined empirically from tests on large machines and

1"

T d=- 035 second at 60 cycles.

"

T 4= 005 second at 400 cycles.
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LOAD SATURATION - FULL LOAD

ENL = Eph+IR
- -1 Sin0+xq
;1/ Tan [ Cos§~]

Angle between output current and Zd (see figure

Power factor angle = Cos -1 [PF]
€= ¥~ 8 = angle between terminal volts and ¢ 4 (see figure

@q = Cos €+XdSinjl/

Voltage that would be generated at no load and no satura-
tion - the air-gap voltage behind the synchronous reactance.

For1 = € Foyp,

Air-gap ampere turns under load if there were no stator
leakage flux from the core to the rotor skirt.

F eNL = Air-gap ampere turns at no load without the stator leakage
flux from the core to the rotor skirt.

FTLl = FTNL (1+P.F.)
= First approximation of the teeth ampere turn drop at full
load.

FCL = FCNL approximately because the core to rotor leakage flux
does not increase the core density. The stator tooth to
tooth leakage flux approximately off-sets the theoretical
increase in cdre flux under load.



By =Py, [F gL'i"‘. Frpi+ Fc]

= First approximation of the leakage flux-from the atatar
~ back-iron to the rotor skirt.

1 ]
D, .8
FgL ® Fng *3.19

Total air-gap ampere turns at full load.

TL1 = NL CP
= Theoretical total flux at full load. First approximation
B = ¢_T_Ii
TL AT

“= Tooth density at full load above the north pole.

Fpp = ZT Hppy (1+P.F.)

HBTL = Ampere turns drop/inch corresponding to a tooth density
of BTL
%11 = Py Fory + Fpp, + F |
¢7

Py = Py * o

= Theoretical total flux at F. L. second approximation.
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¢1’ 2,3,4 = P, + Py+ Py + P, (2FgL_+ 2F,.. + F

TL C)

= Leakage flux from pole to pole in the rotor.

Bonw [ £q - - 0098 X, 4 Sin Y]

¢PL = 1.10 ¢PNL for Cos 8 = >.90

Ppn1, = Flux/pole (ol at NL voltage = v + 1R
o et ST
SP-FL =~ ~ 2 2P

= Flux in south pole

ASP = Area of south pole entry section. Section at edge of
’ stator stack.

¢SP-FL

B =
SP-FL ASP

Flux density in S.P. at full load

= H Lp

SP-FL SP-FL

Ampere turns drop through S.P. at FL

@7 D134
O\p-FL = Por+p * P

= Flux in north pole without leakage flux ¢5

ANP = Area of north pole (in. 2) at base



B

F.

NP-FL-1 ~

NP-FL-1

183

¢NP-FL

Anp

= First approximation of north pole flux density at

full load

= HyprL p
= Ampere turns drop in north pole - first approximation

Leakage permeance across field coil from rotor shaft outer
diameter to the inner surface of the rotor skirt

= Pg [FSP-FL + Fyp.py, * 2Fg + 2F + Fc:l

Leakage flow across field coil

2
Agg = T4, - tgp) tg in

B

SK-FL ~

= Area of skirt at entry edge of auxiliary air-gap €9

¢ = B o) o+ @ %
SK-FL - Ysp-FI)Z * Y * 7
Ps-FL
Agk

Fsk-FL =

= Flux density in the rotor skirt at full load

SK-FL 4 SK

This should be an insignificant ampere turn drop.
The calculation of BSK-FL is in the program for a
check on a possible bottle-neck
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Pg = Permeance of leakage": flux path from north pole through the
field coil to the yoke Vg

B = ¢SK'F L Flux density in auxiliary air gap
g2-FL ng at full load

F (BgZ-FL) [
g2-FL 319 g

= Ampere turn drop across auxiliary a1r gap at full load

(S
o
i

= Ps | Fyppr* 2Fg pp+ 2 Fp_pp, + F + Fgp_py, * Fea-FL]

Leakage flux through field coil from north pole to yoke Yo

¢5
¢yz-FL = Psk-FL* T
A'. B
B. .. = ’D_Yzil_ﬂ
y2-FL AY2
Where Ay2 is smallest cross-section (at base of yoke
section)
& _HyarL dya
y2-FL 3

Ampere turn drop in the yoke section yz.' This MMF
value should be insignificant and the calculation is here
to call attention to a possible saturation point.

If the yoke section is made straight, of uniform thick-
thickness, all of the ampere turn drop will be in the
lower one-half of the yoke.



S, -t
By3-FL = t

A
¥

Flux density in the stationary yoke section V3 at the
entry to the auxiliary air-gap g3

= -t

Fys-FL = Hys.pL 6 - b9

Hy3-FL = Ampere turns drop/inch for material at flux density
Bys-FL

=S
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5
y3-FL
Bys.FL = A

B
_Bos pL
Fo3 rL = 515 ©3)

= Ampere turns drop across auxiliary air-gap g3 at

full load
B - (¢y2—FL)
| y4-FL Ay4

= Flux density in shaft at entry to north poles

2 (¢y2—FL)

}BNP-FL T TAL

= Flux density in north pole at base

" _Hyp_FLp
NP-FL = B
Fpp = [25‘g +2Fp + Fo+ Fgp+ Fyp + Fgg + Fp + Fp + Fiq

+ Fg3 + Fg{l
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. LOAD SATURATION AT .5, 1.5, 2.0 PER-UNIT LOAD

ENL

E p+ IR (P.U. load)

sin 0 + Xq (P.U. load)

y/= tan°1|:_ cos 0

'Zd = cos € + X, (P. U. load) sin y/

2)PL

Pone = [ 4 - -93%,4 (P.U. load) sin Y]

)

g = 1.10f cos 6 >.90
PNL

¢PL

- is the increase in pole flux required because of
PNL distortion of the wave form and resultant decrease

in C1
¢PNL is value calculated at NL voltage = V + IR
STATOR TOOTH LOSS -- (WTNL’ WTFL’ WTOL) The no load loss (WTNL)

consists of eddy current and hysteresis losses in the iron. For a given
frequency the no load tooth loss will vary as the square of the flux density.

WTNL = ,453 (tsl /3" bs) lethQ watts

(ms)
Kq =\7m7.3) XK
K = Watts/Ib loss at 77.4 kl/inz density. Take from U.S.S.
Steel Manual
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The stator tooth loss under load (WTFL & WTOL) is increased because
of the parasitic fluxes caused by the ripple due to the rotor damper bar
slot openings.

_ 1.8 . . .
Wopp = Ez (-21x )" % 4 1:] Wy (Xqin per unit)
For WTOL use X 4 corresponding to the overload condition.

STATOR CORE LOSSES -- (WC) The stator core losses are due to eddy cur-
rents and hysteresis and do not change under load conditions. For a given
frequency the core loss will vary as the square of the flux density.

We '1.42 (D - h)) h, ZSKQ

KQ Watts per pound loss from U.S.S. Electrical Steel Sheets

Manual at a density of B

c

POLE FACE LOSSES -- (WPNL’ WorL WPOL) The pole surface losses are
due to the slot ripple caused by the stator slots. They depend upon the
width of the stator slot opening, the air gap, and the stator slot ripple
frequency. The no load pole face loss (WPNL) is calculated from Graph
#2. K1 = 7.0 for solid pole faces. Graph #2 is plotted on the basis of
open slots and thus Bs on the curve equals b0 for partially closed ones.
The pole face loss under load (WPFL’ WPOL) is calculated as

2
K I.n
sc ph s
WprL ‘li( oF > +1:'WPNL

Ks c is obtained from Graph #3.

For WPOL use Iph corresponding to the overload phase current.
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P

DAMPER -- (W, wmm \ DOL’) The loss prodnced by the slot ripple in
the damper winding. At no load this loss is calculated from curves #7
and #8. The damper loss under load (WDFL’ and W L) for polyphase
machines is calculated as

o {2 T

Ks c is obtained from Graph #3.

-

For WDOL use Iph correspondlpg to the overload phase current.

STATOR 12R -- The copper loss based on the DC resistance of the winding.

Calculate for the maximum expected operating temperature.
2 2

I R=mI

th

ph
EDDY -- The stator IZR loss due to skin effect.

Eddy Loss ___[:(Eddy Factor Top + Eddy Factor Bottom) -1 ] stator %R

ROTOR 12R -- The copper loss in the field winding.
2 2
I'R=1 £ R f

SUM OF THE LOSSES -- The total losses at the various loads.

RATING -- The kilowatt rating of the generator.

RATING + LOSS -- The sum of the total losses and the KW rating.

PERCENT LOSS -- The total loss divided by the rating plus total loss.
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PERCENT EFFICIENCY -- (100% - % loss).

STATOR WATTS/SQ. IN.

-- The stator watts loss per sq. in. of stator peri-
phery.

Watts/in® = Stator (Tooth Loss £ C]';ie Loss + I°R + Eddy Loss)

ROTOR WATTS/SQ. IN. -- The rotor watts loss per sq. in. of rotor periphery.

2
Watts /mZ . Pole Face Loss + Damper Loss + Rotor I'R

7d_ Z,
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‘ i'—'OLE -FACE LOSSES IN SOLID POLE GENERATORS

IN BRIEF

Pole-face losses in solid rotor generators can limit the rotational speed, the
output, or both. The following article discusses the:calculation of, and the
design limits imposed by the pole face losses.

GENERAL STATEMENT

Paradoxically, the solid rotor machine is proposed for high speeds and high
air-gap flux densities when it cannot operate at speeds or loadings comparable
to those of the laminated pole generators, without the penalty of high losses in
the solid pole faces.

A solid-pole Lundell generator that operates over a speed range of two to one
may require de-rating at the maximum speed because of pole-face losses.
This de_,-ratixxg is required because of the pole face losses under load - not the
no load losses.

When the wide speed range generator operates at its maximum speed, the gap

density is reduced and the reduction of losses due to the reduced flux density

is greater than the loss increase due to the increase in tooth ripple frequency.
The result at no load is a reduction in pole face losses. At full load though,

| the same stator current flows and the armature mmf is the same as it was at

the lower speed.

Because of the doubled slot frequency, the pole face load losses at the top speed
will be of the order of 3 times as great as at the 1/2 speed condition. The actual
increase in pole face losses under load depends upon the slot opening, air gap
length, ampere loading, and gap density.

SOURCE OF THE FORMULAE

T. Spooner and I. F. Kinnard "Surface Iron Losses with Reference to Laminated
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Materials" Trans. AIEE, Vol. 43, 1924, pp 262-281.
The above reference points out that the following factors influence pole face
losses:

Air gap induction Bg
Field form C. . b
Ratio of slot width to single air gap Es

pow oD e

Tooth frequency f,

*5. Tooth pitch'T'S or élot pitch
Resistivity of material A

7. Thickness of individual laminations t

=S <

Hysteresis Coefficient J°
9. Insulation between laminations
10. Effect of punching

* We use different symbol than Spooner and Kinnard

In the equation -

Pole face losses = WS = K1 K2 K3 K 4 K5 K6 (Bore area), the hysteresis co-
efficient is not used, the interlamination resistance is assumed high, no burrs
are assumed to be shorting the laminations and the effect of work-hardening
is assumed to be removed by annealing.

In the paper, Spooner and Kinnard summarize that as a rough approximation,
surface losses vary as:

b 1to2

2 . .1.5 Pg

1

In the text of the paper, higher exponents are used and the constant K1 is ad-
justed to give the required accuracy. The exponents used in the curves given
in the design manuals of this report are about 30% higher than the rough ap-
proximation given by Spooner and Kinnard, and account for interlaminated

currents caused by imperfect insulation.



I g

16 §

CURVE-2

N

e

i
17
(o

EEER: TO' iTﬁ:tvt ‘s

o

RPN

R

| R
1
|

s

i

! |

.J: ..H._..‘

S

~ ’
Rt IR
¢

_ .Iu:_-.‘é

SN -..oqw

:\3%n? aim:
s.;!;?:.:. _O.d

SU7dv
,.J)« L_
Ay‘l.

|
,.d N.L AN ﬂw
.w,:aae..:\_ KLCH:
CLOTHL IO
v il ,.-:»_.... ,

tb_v;,Ol—Il

J. NES .HHQ..._, wm _.“_:,.}Gl

! I.llru’x..

T

R VORISR S

]
'Joow;dcx.hco

v

\

~o0% ~—

L.

dom o.., _ .094

._m.’.ﬂ_d‘__u.

| e R

3

5
3

! -
o«

i _nl

(D ©

.__n__u?

‘i,f _ -

R

ov

WS R W 2Cen

caprs ) 3 x> vpu ‘opuianisg

$13-35¢€ "ON

CA M O3 HISS3 P 134403N

0% 03




194

SOLID-POLE P.F. LOSSES

For this study, tests were made on solid-pole generators using 4130 pole steel.
Tests correlated within 5% of calculated losses when the constant K1 =7.0
was used. Load losses in the pole face are calculated just as for laminated
poles.

Note: If the rotor is not relieved at the leading and trailing edges of the pole,
the losses will be higher than those calculated with K1 = 7.0. Such a condition
might exist when 316 steel or Inconel X is welded between poles and the weld-
ment is cylindrical. In such cases, the armature reaction flux causes high
losses in the interpolar area. This discussion and calculation assumes that
best conditions exist.

NO-LOAD POLE FACE LOSSES

The pole face losses are a function of the stator bore area, and when the stator
tooth pitch is constant, the losses are a function of the rotor diameter. They
are also functions of the gap density and under load they are functions of the
stator loading. Since the RPM determines the tooth ripple frequency, the P.F.
losses are a function of the RPM.

The flux density and speed of a specific, solid pole generator, are limited by
the amount of heat that can be dissipated from the surface of the poles so with-
out considering the output of the generator, the effect of slot pitch and air gap
density on pole face losses can be observed, while the generator operates at
no-load.

With a specified air gap density and specified slot pitch, the pole face losses
can be made high enough to cause the machine to fail and this can happen with-
out load being applied. It can happen to a laminated pole or to a solid pole
generator.

The no load pole face losses in a solid pole generator are of the order of six
(6) times as great, for the same stator design, as those in the pole faces of a
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laminated rotor. For this reason only the design limits for the solid pole gen-
erators are investigated here.

b

5.1 7’8, Cl) where

No load pole face losses are = fn (Bg, = I

Bg

air gap density, Kilolines/in2

(=2
i

slot opening, inches

air gap length, inches

el
] I

t tooth ripple, cycles/sec

tooth pitch on stator, inches

@t

Q
]

1 fundamental of field form (a ratio)

For most of the following discussion, the following values are assumed fixed:

= 2.0

. 3"

m\{ w I mO‘
"

C 1.0

[
[}

Since ‘l; = .3, now the number of teeth is a function of d.

No. Teeth = Zg-

f =7d RPM
t .3 60

PFL at NL = Kl K2 K3 K4 K5 K6 (Bore Area)

K 7.0

1

%

fn (Bg) = .8 for 45 I(ilolines/in2 gap density
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Ky = tn £;) 1.65) = fa| 25 %%ﬂ]
fn (T's) = .175

K

4

K,

fn () = 1.45
n ()

K¢ = fn (Cl) = .22
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PFL at NL = (7.0) .8 (K3) (. 175) 1. 45 (.22) (Bore Area)

= .313 K, (Area) for Bg = 45 Kilolines/in2

= ,235 K3 (Area) for Bg = 40 Kilolines/in2

= .11 K, (Area) for Bg = 30 Kiloli‘nes/in2

= .039 K, (Area) for Bg = 20 Kilolines/in?
Rotor No-Load Pole Face Loss in Watt/in2 7’8 =.3
Dia.
In. RPM Bg = 45 Bg = 40 Bg = 30 Bg = 20
4 2,000 .72 .54 .25 .09
" 4, 000 2.28 1.7 .8 .284
" 8, 000 7.2 5.4 2.5 .9
" 12, 000 14.1 10.6 4.9 1.76
" 24, 000 44 33 15.4 5.5
" 48, 000 128 96 45 16
6 2, 000 1.4 1.05 .49 .17
" 4, 000 4.4 3.3 1.54 .55
" 8, 000 14 10.5 4.9 1.75
" 12, 000 27 20.2 9.5 3.37
" 24, 000 86 64.5 30 10.7
" 48, 000 272 204 95 34
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DISSIPATING THE POLE FACE LOSSES

If the pole face losses are to be dissipated to gas similar to air or if the ma-
chine is force ventﬂated with air, the best coefficient that could be expected is

0.10 watts/m of surface/°C rise above the air. See curve from Luke and
curve from A.D. Moore.

If 25 watts/m is to be dissipated from the rotor surface, the temperature rise
of the rotor surface in this case will be —i—— = 250°C above the cooling air or
gas. Similarly, if 50 wai:i:s/in2 must be dissipated, then the temperature rise
of the rotor will be 500°C above the cooling air.

If room temperature cooling air can be used in sufficient quantity, 40 watts/ in2
might possibly be d1s31pated from the generator rotor surface. If a heat trans-
fer coefficient of . 10 w/in / C can be obtained, the rotor femperature will be
approximately 800°F or 425 C.

A cooling coefﬁcient more likely to be obtained is . 08 watts/ in2/°C and this
- .value has been used on curve  to show probable rotor temperatures associ-
“ated with various no-load pole face loss levels.

EFFECT OF REDUCING GAP DENSITY

Ifa mgh-speed generator is designed and the PF losses are too great at say

45 kuolines/m air gap density, reducing the flux density will reduce the pole-
face, no-load losses by the ratio of gap densities raised to the power 2.5. The
factor for gap density is K2

Bg K2

20 .10
25 .18
30 .28
40 .6

45 .8 L
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SURFACE. . HEAT DISSIPATION FROM
A GENERATOR ROTOR.
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-EFFECT OF VARYING SLOT PITCH

When the slot pitch is varied, the pole face loss varies as the slot ripple fre-
quency variation raised to the 1.65 power and varies as the tooth pitch variation
raised to the 1.26 power. The no-load pole-face loss will decrease as the tooth
or slot pitch is increased.

The net change in the loss as the slot pitch increases is approximately (ratio
of slots)1° 65 (ratio of slot pitches)l'zs.

In the tabulation for diameter = 4. 0", Bg = 40 Kl/in2

, g =-3", RPM =
12000, the NLPFL = 10.6 Wa.t:ts/in2 of stator bore.

If the slot pitch is increased to . 6", the NLPFL will be reduced to 8. 1 watts/
in2 of stator bore area.

EFFECT OF SLOT OPENING

Completely closing the slots can have only limited effect in reducing pole face
losses since the bridge closing the slot must saturate before the machine can
operate. The saturated bridge represents an effective opening in the slot and
the ratio PgE is some definite value. In considering the effect of cloging the slot
with a bridge, a smaller effective opening can be assumed such as g = 1.0.
The pole face loss at no load varies approximately as the ratio

b 1.3 1.3
_82 b
g | =2
%a1 ) \Da1
g

So, by reducing the slot opening to 1/2 its original width, the no-load losses
can be reduced to about 1/2. 4 of the initial no-load value. This applies to the
no load losses only and the pole-face losses under load may be much higher
because of the reduced slot opening. Load losses in the pole-face are a function
of the stator loading and of the slot opening to air gap ratio (bs/ g). This can be
expressed as a function of bs/g and a function of (Xa.d)z. '




LOAD LOSSES IN THE POLE FACE

Under load, the pole face losses are increased. This increase is due to the
armature mmf wave and resulting flux wave which has a saw tooth shape.

The higher the current loading in the stator, the more pronounced the saw
tooth shape of the flux wave becomes when the machine is fully loaded. This
effect is a function of the ratio -

series conductors/slot xI ., K 2
ph_sc|  w1pFL)
no load air gap ampere turns
b

where Ksc is a modifying factor describing the effect of 7;— . The smaller the

opening, the sharper the step or saw-tooth in the armature reaction flux wave.

E.I. Pollard treated the pole face load losses in his paper "Load Losses in
Salient Pole Synchronous Machines", AIEE Trans., Vol. 54, 1935, pp 1332-
1340. His work shows that if the slot opening to air gap ratio is made too small

4

the result may be an increase in total pole face losses. See curve

In the rotor sizes 4.0" dia. to 8.0'" dia., an air gap length of . 030" is reason-
able to assume. If the following values are assumed:

ampere loading = 900 ampere wires per inch of stator bore periphery,
bs/g = 2.0, Bg = 40 Kl/inz, then the air gap ampere turns are about 400 and
from curve

Ksc 1 h N | 2
PF load losses —AE%T—- NLPFL

Nt

B 2
Llfmo——' 1 moil NLPFL

PF Load Losses = .91 x no load PF losses
conductors/slot

where Ns

4
"

oh Ng 900 x .3 = ampere wire loading x slot pitch
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~ LOAD TOSSES IN THE POLE FACE
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POLEFACE LOSSES AT NO LOAD AND AT FULL LOAD.

FOR ROTORS OF VARIOUS DIAMETERS  Bg=30KL/IN2
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AGAT =400 = amperetumsr@q;a;erossmainmgap

Ks c = loss factor from curve

The pole-face load losses are added to the no-load pole-face losses.

When the air gap density is decreased, the ampere turns drop across the air
gap decreased in direct proportion and the pole-face load losses increase as
the square of the change m gap density. For example, the factor just calcu-
lated above for a 40 Kl/m gap density was .91 (NLPFL). When the gap density
in the same machme is reduced to 30 K1/i m2 but the ampere loading is main-

tained at 900 AW/m , the loss eqn. becomes -

2
_| 1.42 @70) )
PFLL = [——WS_] NLPFL = 1.63 (NLPFL)

2
® (-91) NLPFL = 1.63 (NLPFL)

or PFLL

We have already discussed how the reduction of the air gap flux denéity re-
duces the pole face no load loss per square inch of stator bore area by

Bg2 2.5 and in the case of a reduction from 40 Kl/in2 to 30 K1/ in2 the re-
Bo1 5 2.5
duction in NLPFL is (Z) = .488.

2
The full load PFL increased by (%) or 1.78 so the total load loss was reduced

from 1.0 to 1.78 (.488) = .87 a reduction of 13%.

SLOTTING THE ROTOR TO REDUCE THE POLE-FACE LOSSES

Figure 1 shows graphically what happens when a solid pole-face is slotted to
reduce pole face losses, when the slot approximates 50% of the pole surface.

Assuming that the air gap flux density is unity, the initial pole face density at
its surface was also unity.
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When the rotor was slotted to the extent that 50% of the surface was removed,
the density in 1/2 the remaining surface or 1/4 of the initial surface became
1.74 times the initial value or 1.74 per unit. The surface density in the re-
maining 1/4 of the initial surface increased to 2 times the surface density or
2.0 per unit. The average increase in total pole face losses based upon the
increase in gap density at the surface of the pole is 2. 4 times. However, the
increased air gap density in the region of the pole surface reduces the effect

of the slot ripple and tends to reduce the load losses. These effects can nearly
enough offset the effect of grooving to make the pole face losses about the same
with or without grooving.

Experiments made in support of this study showed insignificant results when
the rotor was grooved approximately with . 020-. 03 wide grooves, and only 50%
of the initial surface was left.

Figure shows the results obtainable when the rotor grooving is about 10 to
12% of the surface area. This amount of grooving does not change the rotor
surface flux density a significant amount. To realize a satisfactory reduction
in pole face losses, the lands formed by the grooving should be thin: . 020"
width is a good maximum for 400 cps generators.

To satisfy the requirement for lamination-thickness lands, and only 12% loss of
surface, the grooves should be only about . 0025' wide and the requirement for
such an extremely narrow slot imposes a difficult manufacturing problem.
Some methods that can be used to cut the narrow grooves are: diamond sawing
with narrow saw or wire, electric-discharge machining with small diameter
wire used as electrodes, and electron-beam machining.
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STATORY  SYPFACE

W1TH 05" LANDS AND ,008 SLOTTING,

THE PoLE. SURFACE DENSITY 'S _107%
THAT OF A SMOOTH POLE FACE . .



USING SYNCHROROUS GENERATORS AS MOTORS

INTRODUCTION

When an electric power generator is driven from a turbine in a nuclear
reactor energy conversion loop, the motoring characteristics of the

generator are an important consideration in the system design.

All of the nuclear reactors that are to be used in Space (The SNAP
Systems) are to be started after they are in orbit or after they are
outside the earth's atmosphere. This is planned to reduce the danger
of atmosphere contamination in case of a launch failure. To start
the reactor, or to make it go critical, the controls operate to allow
the fuel assembly emission to increase and, at the same time, the
coolant or working fluid is circulated to prevent the fuel assembly

from overheating.

In a Braygon Cycle Conversion system, the power output turbine can be
used to:circulaté'the coolant gas or working fluid through the fuel

assembly until ﬁhe'gas is heated and the cycle is self-sustaining.

An alterhate,start-up method for Brayton Cycle systems uses the release
of bottled gas to introduce the working fluid into the piping and, at
the same time, force the gas through the reactor where the gas is
heated., Inlﬁhis way, the cycle is started and it becomes self
sustaining. This second hethqd must work perfectly and the reactor

must heat up the first time because there is no second try.

In contrast, the turbine used as a pump can circulate the gas and
allow the reactor to heat up slowly if necessary. Using the
generator as a motor allows margin in the start up procedure. The

margin increases the reliability of the system.



INTRODUCTION - Continued

In Rankine Cycle systems that use two liquids, one pump may be on
the generator shaft or both pumps may be on the generator shaft.
In either case, the generator must be operated as a motor to
circulate the working fluids and prevent the fuel assembly from

overheating during the start-up period.

An alternate start-up method for Rankine Cycle systems can use
pumps that by-pass the turbine-generator shaft-driven pumps. This

complicates the system and tends to reduce the reliability.

In either Brayton Cycle systems or Rankine Cycle systems, the

motoring characteristics of the generator are of great interest.
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USING SYNCHRONOUS GENERATORS AS MOTORS

IN BRIEF

Synchronous generators can be started as induction motors and operated as
synchronous motors. The following discussion explains motor operation of
the two types of synchronous generators; wound-pole and solid-rotor.

DISCUSSION

General

The rotating electrical generator converts mechanical energy to electrical
energy. Electric motors convert electrical energy to mechanical energy.
There is no basic difference in the two classes of machines as one machine

can be designed to operate reversibly - as a motor or as a generator.

If the synchronous generator is used as a motor, it can operate either as a
synchronous motor or as an induction motor. An induction generator can be
motored only as an induction motor. The two modes of electrical motor oper-
ation are, then, synchronous and induction.

When the synchronous generator operates as a synchronous motor, it can be
brought into synchronism by starting it as an induction motor until its speed
is near synchronism and then applying field current to the d-c fields to ac-
celerate the rotor to synchronous speed. It can also be started in synchro-
nism by slowly varying the voltage and frequency from a low voltage level and
low frequency to the rated values. This latter method is called a full synchro-
nous start and throughout this kind of start, the synchronous motor can pro-
duce rated torque at rated current. Since the full synchronous start requires
special supply equipment, it is not often used.

A salient-pole wound-field synchronous generator can be, and usually is, made
with a pole face winding that is essentially an induction motor cage winding.
This winding is called an amortisseur or damper winding. Its primary purpose
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in a generator is to damp out rotor oscillations and negative sequence flux
waves. The same cage winding is well suited for induction motor operation
and can sometimes be made as a double cage winding for higher starting
torque combined with low slip.

The synchronous motor with the damper winding (or squirrel cage pole face
winding) can have about the same speed-torque characteristics as an induc-
tion motor. The important difference is that the cage winding is much smaller
than it would be if the motor were a normal induction motor; and the operating
'cycle must be short because of the small cage bars. Large synchronous mo-
tors are frequently limited to two successive starts after which a cooling
period of about 30 minutes must be allowed before another start is attempted.
This is in contrast to the continuous full-load operation of a normal induction

Speed-Torque Characteristic of Salient-Pole Machine

The speed-torque characteristics of a 30 KVA salient-pole, synchronous gen-
erator operating as an induction motor is shown in Curve 1. This generator
shows cusps in the speed torque curve that can be removed by skewing the
stator one slot pitch.

Per-Unit Base

The speed-torqué curves in this discussion are plotted on a per-unit scale
with the generator nameplate kilowatt rating used as the 1.0 P. U. base. The
30 KVA, .75 PF machine tested has a KW rating of 22.4 KW.

1.0 P.U. torque is then T = (8430(?30(32'5) = 316 in. Ib.

84300 (Kilowatts)

Torque in inch pounds = RPM

Such a base is meaningful. A machine designed for low power-factor loads
has lower reactances than a machine designed for the same output at a high
power factor. The per unit torque of a low reactance motor is higher than
that of a high reactance motor.
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Induction Motor Characteristics

The starting and speed-torque characteristics of an induction motor can be
varied over a wide range by changing the resistance of the rotor winding.
Wound-rotor induction motors are made with insulated polyphase rotor wind-
ings. These windings connect to slip rings on the shaft and variable external
resistance can be added to the rotor windings. By varying these resistances,
the maximum torque point on the speed-torque curve can be varied from zero
speed to aﬁnur;d 98% speed. Synchronous motors have been made with insu-

lated, wound, pole face windings connected through slip rings to external

starting resistances. Such motors are special and seldom used.

When the rotor resistance of an induction motor is changed, the speed torque
characteristics curve does not change in shape. The maximum torque point
and all other points shift to a new slip point. The change is proportional to the
change in resistance. If the resistance of the rotor is doubled, all of the points
of the speed-torque curve shift to new slip values twice that of the original.
Curve 2 illustrates this change.

The ché.racteristic curve shown for rotor resistance R = 1 is approximately
that of a normal low-slip motor. The characteristic curve shown for R = 4
is for a high slip motor and could represent a torque motor.

A motor designed to give high torque against a load driving it in the reverse
direction might have the characteristic shown for R = 8.

If a synchronous motor having a cage winaing is to start under load and syn-
chronize, it may be required to have high starting torque and low slip. A low
slip motor will produce its maximum torque at 95% to 98% of synchronous
speed.

To pull into synchronism, a synchronous motor must be operating at 95%
speed or more when the field current is applied. The torque resulting from
the attraction between the moving stator flux wave and the flux from the wound
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rotor pole must be sufficient to accelerate the rotor from the 95% speed to
synchronous speed in one (1) revolution. If the slip is too great, (the speed
too low) at the time field current is applied in an attempt to synchronize, the
rotor will slip poles, the speed will decrease and the starting attempt must be
discontinued before the rotor overheats. To have high starting torque, the
damper or cage winding should have high resistance and the maximum speed
as an induction motor may be well below 95% of synchronous speed, so that
the machine cannot be synchronized. To obtain the combination of high start-
ing torque and low slip, a double cage winding can be used in larger machines.
The high slip frequency at standstill and the high reactance of the combination
cage winding forces the rotor current into the top winding which has high re-
sistance. At lower slip frequencies, the rotor current flows in the bottom
cage winding also and the winding then has low resisfance. This double cage
winding was invented and first used by Dolivo Dobrowolsky in 1889.

Solid-Rotor Machines

If a synchronous machine has a solid pole face, a damper circuit is difficult
to install and its effect is not pronounced. The characteristics of a solid-pole,
Lundell generator starting at no-load, rated voltage, are shown on Curve 3.

The starting characteristics of the solid rotor are shown with and without a
copper cage winding. Both rotors pulled into synchronism quickly (i.e., with-
out hesitation or any evidence of marginal operation) without field excitation.
The test curves show that the copper cage does increase torque near synchro-
nism.

The solid rotor synchronous motor is usually impossible to synchronize under
load and some designs cannot be relied upon to synchronize at no load unless
special steps are taken. Such special steps may be operating at a frequency
higher than rated during the start so that the terminal speed of the rotor is
above rated synchronous speed, then reducing the frequency of the supply cur-
rent faster than the rotor speed can drop. The rotor will then easily synchro-
nize with the supply.
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Comparison of speed torque characteristics to be expected
from conventional salient-pole generators with damper
windings and solid-pole Lundell generators without damper
windings (Xq = 160% approx.).
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Another procedure that can sometimes be resorted to is to use a small induc-
tion motor having a higher synchronous speed and mounted on the same shaft
as the large machine. The small machine will assist the large machine
enough to drive it up to synchronous speed. Starting motors are sometimes
used on large synchronous condensers where normal starting currents in the
large machine would cause a severe voltage dip on the utility distribution sys-
tem.

Some of the brushless generators have rotors that can easily be laminated
and some do not. If the rotor speed is not too great, the homopolar inductor
generator can have laminated rotors and also cage windings. The Lundell
generators are difficult to make with laminated rotor poles. The heteropolar
inductor cannot have a cage winding at all and we do not know how to use it as
a motor. The cascade machine has its cage winding on the rotor for motor
operation and on the d-c poles for generator operation.

Of the synchrenoﬁs generators, the solid rotor machines can operate longest
as mducti(m motors. The losses in the solid rotor are not concentrated in
small bars but are distributed well over the entire rotor surface. The heat v
transfer is fast and the -entire rotor stores the heat. The laminated rotor with
a small cage winding has its losses concentrated in the bars and heat transfer
from the bars to the steel laminations is poor.

Continuous Operation

When‘some significant load is to be carried by a synchronous machine for any
appreciable time such as 20 HP motor load on a 20 KVA generator, the ma-
chine must be in synchronism - both to carry the load and to survive for more
than a few minutes (of the order of 5 minutes).

If the load and speed are both reduced enough, the generator can operate con-
tinuously as an induction motor because the rotor has some continuous load
capability as an induction motor.
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Rotating Rectifier Machine

The wound-pole synchronous generators with rotating rectifiers on or in the

shaft have a special starting problem that usually prevents their being con-
sidered for motor duty.

When a wound-pole synchronous machine is started as a motor, the fields are
shorted through a starting resistance that can be zero or some finite value.
If the fields are open, the induced voltage in the field is dangerous to the field
sulation. Curve 4 shows the field voltage of a 30 KVA, 6000 rpm wound-
pole synchronous generator during a motor start. The fields were open cir-
cuited during one start and shorted through a 15 ohm resistor during another
start. The resulting curves demonstrate that the maximum current induced
was 12-1/2 amperes and that the induced voltage on open circuit was 1800

volts RMS at standstill and 300 volts RM:

e LML AVARS . L VAVAMS

When rectifiers are used in the excitation supply circuit, they block on one
half cycle so that the resistance presented by them is, for practical purposes,
infinite. Since obtainable rectifiers cannot withstand 2000 (+) volts or even
650 (+) volts in the reverse direction, the fields must still be shorted during
the start cycle and then energized to pull the machine into synchronism.

To short the fields during the start, three methods that have been tried are:

1. Short the fields by using slip rings, brushes, and a
relay. Open the relay at end of induction motor start.

2. Use a centrifugal switch that shorts the fields at stand-
still and opens them at 90% or more or synchronous
speed.

3. Use controlled diodes with the rectifier bridge and
apply them in such a way that they short the motor
field automatically during the start cycle.

Stationary coil, brushless machines do not have a comparable starting problem.
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THE PHYSICAL DIMENSIONS OF
LUNDELL-TYPE GENERATORS

IN ‘BRIEF

For a given Lundell generator type having a given rotor diameter there is an
optimum stator length and if the stator is made longer than the optimum length,
the output of the machine will decrease.

The useful flux of any Lundell generator must pass through the rotor shaft.
The flux-carrying capability of the shaft limits the maximum output obtain-
able from any given rotor diameter.

DISC USSION

There are two arbitrary types of Lundell radial-gap generators. One type has
a coil and magnetic shaft between the two sets of poles and the flux circuit is
completed through the shaft into one set of poles, into the stator and out again
into the other set of poles and back into the shaft section between the pole
carrying flﬁx,plates., This is the type of generator used for automotive service
and an adaptation of this type has a parasitic air-gap allowing it to be brush-
less. This general type of Lundell generator cannot practically have a shaft
cross section of more than 20% of the stator bore cross section area, because
of the area taken up by the poles themselves and the exciting coils.

The Lundell generai:ors that have their flux circuits completed outboard of the
pole structures can have hrger magnetic sections bringing the pole flux into
the pole pieces. Two of these generators are the two-coil Becky-Robinson
machine and the German Lundell which completes its flux circuit in a yoke
outside of the stator.

TWO-COIL LUNDELL (BECKY-ROBINSON)

In the Becky-~Robinson Lundell generator, the combined shaft and rotor skirt
area that can be allowed for carrying flux in or out of the rotor is approximately



SLUX CIRCIIT OF A TWD-COIl. LUNDELL
OR BECKY- FOBINSON GLNERATOR
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30% of the total cross section area of the stator bore. This value can be con-
sidered a maximum because of the area that must be left for excitation cqils.

At Bg = 40 Kl/in. 2
and Leakage flux = 40% of total rotor flux
Pole embrace = .5andCp = .5

The total shaft flux entering the rotor from the two ends combined is equal to
~ the flux in the shaft on one end plus the flux in the skirt on one end.

2 37rd?
Shaft flux at 100 kl/in” density = ~~= (100)
3T d
Total useful flux reaching stator = T (100).6

Hypothetical total air gap flux at 40 K1/ in2 gap density = 7dl (40)

. \
Hypothetical total air gap flux = -3‘Tlfd ’ Gg.p 0
37Td260 2
= = 9Td
7 d£(40) = 977 (d)>

1-.-1%(1 = .225d

On this basis, the KVA output of a two-coil Lundell generator of the Becky-
Robfmépn type = |

. , .
KvaA = B8d I(Rg}!)A___ 40 (. 225d°) RPM A
90 x 10 . 90 x 10

If A = 900 is accepted as a maximum load on the stator -

_ 40 (.225d°) RPM _ 94° RPM

(]

KVA
10% 105
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KVA at 10, 000 RPM

5 125

6 216

7 343

8 512

9 729

10 10

2.07

5.76

11.25

19.44

30. 87

46. 08

65.61

90

OUTSIDE-COIL LUNDELL

The Lundell generator having the coil or coils in the housing or yoke can be
made with slightly larger pole areas than those of the two coil Becky-Robinson
Lundells. In some cases, the total pole base area could be . 4 of the bore

2
cross-section area or .4 LT4§_ (100) at 100 kl/in2 density in the iron. If the
leakage can be held to . 4 of the flux entering the pole, the useful flux crossing
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FLUX CIRCUIT OF AN OUTSIDE -COIL
X UNDELL GENERATOR
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the air gap will be =

2
@p across gap = .4 Td (.6) (100) = 6 Td>

e 2

The hypothetical total flux in the air gap = ¢T = Cp
@, also = Td1 (40) for 40 K1/in® gap density.

T7dl (40) = 127d
2

0. 28T 12d_ L,
7rd(40) ~ 40 T -
Bg A d°1 RPM
KVA = 284 =
a0 x 10

_¢P _674d
I

= 1277d

If the ampere loading is 900 ampere wires/inch and speed is 10, 000 rpm

3 4
cva - 40 (900) .3d7 a0h | L,
90 x 10
d .12d° - KVA at 10, 000 RPM
3 3.24 3.24
4 7.68 7.68
5 15 15
8 25.9 25.9
7 41.2 41.2
8 61. 4 61.4
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AXIAL AIR GAP LUNDELL GENERATORS

Axial air gap synchronous generators have definite design limits that allow the
prediction of generator output from stator O.D. and RPM.

Discussion

When the axial air gap machine is worked to definite limits of current loading
and air gap density, simply specifying the speed and the KVA output determines

Al B L

o AL o
UIC W4lNCierl UL LI S

To determine the size of a specific type of generator at different speeds and
ratings, a stator current loading limit and an air gap density limit should be
assumed. For the determination of the size of the axial gap generators, an
ampere loading of 900 ampere-conductors per inch of circumference of the
stator has been used. This circumference is at the average diameter .=

OD + 1D The gap density has been fixed at 40 KI/in®. This density is the
actual maximum of the flux wave under each pole. The equations used assume
a sine wave of flux, or that the maximum fundamental of the pole flux wave is
equal to the actual maximum of the flux wave. For concentric poles (square

flux waves), this occurs at a pole embrace of 55%.

40 K1/ in2 gap density and 900 amp-conductors per inch are set as the design
limits.

The following discussion explains the derivation of the output equation used to
determine generator sizes.

LiELve

The output of a three phase generator is KVA = <3
10

The voltage is defined by -
¢T (RPM) Cw Ne

LL 60 x 10°

E

See derivation elsewhere in report. |
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Where ¢T = Hypothetical total flux in air gap in Kilolines,

En C1Kq4
CW = MEph . .V'" = .39 Cl
2
m = No. of phases

- .- maximum fundamental
Cy = Ratio — raT maximum

of the flux wave = 1.0 for sine wave

Ne

Total effective conductors in the machine

The basic voltage equation is substituted in the output equation.

V3 _ ¢TRPMcheIV§

KVA=E_ ., 1
LL'L 443 80 x 10° x 10°
@1 = Bgap Agap 24
ATD
I= Ne where
A = Ampere wire/inch loading of stator based on the average diameter
of stator
Bg (TDL ) RPM (.39 C,) Ne /3 ATD
c 1
KVA = 3
60 x 10 Ne
Bg 9.85 D y RPM.39C, A 73
c 1
KVA = 8
60 x 10
2
BgD") c RPM A
KVA = vi Basic eqn.

90 x 10
For axial air gap machines

D = average diameter of stator
_OD+1ID
——
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For radial air gap machines

D = rotor diameter.

To allow a general treatment of the axial air gap machine, the typical design
will be considered to have the following characteristics:

Stator OD = 23- stator ID

Gap density = Bg = 40 Kl/in?

Ampere loading = A = 900 AmpinCOnd-

C1 = Field form factor = 1.0 (assume sine wave)

Then,
Bg Dzav Lc RPM A
KVA = g .
90 x 10
2
oD + 20D
Davg =——73 — =g
.
ZC = g OD
and, ‘
KVA = 40 g—g (©oD)> é ©op) BEM (900) ,
90 x 10
4.63 (OD)° RPM
KVA = =
10°

Area of stator = .437 (OD)2
Total flux = 40 (Area of stator) = 17.5 (OD)2 Kl.

¢T
¢P = approx. por-— X .56

©® shaft = approx. ¢T x .27
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When the ID of the stator is fixed at % OD, the diameter which divides the sta-

tor into two equal areas is .85 OD. The average diameter is g OD or .835 OD

-- a 1.75% difference. This difference will be ignored and the average diameter,

% OD will be used as the design diameter for all calculations.

For axial air gap generators

kva = =% op)° rem
10

oD ©op)® X 4‘—25’- x 6000 12000
3 27 125 (107%) 75 1.5
4 64 .296 (107%) 1.77 3.54
5 125 58 (107%) 3.48 6. 96
6 216 1.00 (1073 6. 00 12.0
7 343 1.59 (1073 9.55 19.1
8 512 2.37 (10°5) 14.2 28.4
9 730 3.38 (1073) 20.3 40.6
10 108 4.63 (1079 27.7 55. 4
11 1330 6.16 (10™) 37.0 74.0
12 1728 8.0 (1075 48.0 96.0
13 2197 10.15 (10°3) 61.0 122.0
14 2744 12.7 (1073 76.3 152.6




. KVA for RPM Shown
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oD | 6000 | 8000 | 10,000 | 12,000 | 15,000 | 20,000 | 24,000
3 75 | 1.0 | 1.25 1.5 1.88 2.5 3.0
4 1.77 | 2.36| 2.95 3.54 4.42 5.9 7.08
5 3.48 | 4.63| 5.8 1 6.96 8.7 11.6 13.92
6 6.00 | 8.0 | 10.0 12.0 15.0 20.0 24.0
7 9.55 | 12.7 | 15.9 19.1 23.9 31.8 38.2
8 | 14.2 | 18.9 | 23.6 28.4 35.5 47.2 56. 8
9 | 20.3 | 27.1| 33.8 40.6 50.7 67.6 81.2
10 | 27.7 | 36.9 | 46.2 55. 4 69.2 92.4 110. 8
11 | 37.0 | 49.3 | 61.7 74.0 92.5 123. 4 148. 0
12 | 48.0 | 64.0 | 80.0 96.0 120. 0 160. 0 192.0
13 | 61.0 | 81.3 | 102.0 122. 0 153. 0 204. 0 244.0
14 | 76.3 | 101.5 | 127.0 152. 6 191.0 254.0 305.2

2

ESTIMATING THE COIL WEIGHT AND I'R LOSS

Based on 80% ratio of

Field Copper Area
Total Coil Area

for field coils and a current density

of 5000 amps/ in2, 4000 ampere turns would require one square inch of coil

cross section.

Assume a square copper coil in all cases then using the coil inner diameter; dc:

AT AT
WT = [dc + 2000 X 4—0-66J.321 1bs. (1)
Where dc = coil inner dia, inches

Here the weight of coil hangers and insl. is estimated at
20% of the total.



6
e (e Lo a0 g

.321
Where L= Coil resistivity in microhm inches

at 400°F and 5000 amps/ in2 in CU, use Wt. obtained in equation
(1)x .8

I°R Loss = 2L(§12_11_'Q -8 WT Coil) _ 73w ) watts @)

Gross o o
@ 400 F (240 C)

ROTOR STRESSES

The speed and rating obtairable from a generator are functions of allowable
rotor stresses.

The brushless generator rotors can be made into composite cylinders and

preliminary stress treatment can be on the basis of a cylinder of homogeneous
material.

Maximum stress in a homogeneous solid disk is -
Max. §_ = MAszﬁ 1 ‘VWZ + v) R

T w = RAD/SEC

R = disk outside radius, inches 5

= Poisson's Ratio = .26 for steel (general approximation)

¥ = density LB/in3 = .283 for steel | N= Rev./min

_.283  (2m*N Co- el
S = r%um'ay("%”‘ s5= wsl

326N2R
10

A more realistic condition usually is represented by a cylinder with a hole in
the center.

243
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The maximum stress in a homogeneous circular disk or a cylinder with a small

hole in the center is:

Max S

) %%‘g-’zz l:(3+v)R2+(1-v)R02:|

disk outside radius, inches

R
Ro = disk inside radius, inches

If R o is small and insignificant

W2

386. 4

(3+V)R2 PSI

|

Max St=

This equation gives twice the stress calculated in a disk without a hole or -
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